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ABSTRACT 
Uncontrolled discharge of ballast water by vessels has been considered one of the 
main mechanisms for the introduction of aquatic nuisance species (ANS).  The typical size 
of species found ranges from 0.02 to 10,000 µm.  This wide range of sizes consists of 
microorganism (protozoa, dinoflagellates, and cholera), planktonic species, plants, insects, 
other arthropods, worms, mollusks, and vertebrates.  These species either remain suspended 
in ballast water or settle in ballast tank sediments.  Providing treatment for ballast water is a 
challenging task due to space availability of ships and significant magnitude of flow rates 
and volumes of ballast water.  Currently, open ocean ballast water exchange (BWE) is 
utilized for control of ANS.  However, BWE has potential safety risk and it is not fully 
effective as a separation method for ANS.  This thesis examines common ballast water 
control methods having potential for shore and vessel-based applications.  In addition to 
BWE, other control methods including dissolved air flotation (DAF) are under 
consideration.  Each control method is examined according to effectiveness, safety, capital 
and maintenance cost, and applicability.  In addition, a screening assessment of DAF as a 
potential ANS separation technology is being investigated.  Experimental bench-scale 
development of dissolved air flotation was selected and examined to evaluate the potential 
of DAF as a viable option for ballast water control.  Freshwater (1 ppt) and saltwater (20 
ppt) matrices were used with ballast water surrogates synthesized from aquaculture, fresh 
water, wastewater, and storm water.  The samples were standardized to a similar turbidity 
range before application of DAF treatment.  Bench-scale experimental results for ballast 
water surrogates based on particle number demonstrated particle removal efficiencies 
achieved as high as 99% and 98% for saltwater and freshwater matrix, respectively.  Particle 
xiv 
size distributions in DAF were modeled using a two-parameter power law function.  From 
the power law model an index of the surface area concentration was obtained.  Using a least-
square analysis, the power law model was shown to provide a good fit (significant r2) for 
both influent and effluent particle gradations.  The overall study results demonstrate the 
potential of DAF as a competitive and effective size-based separation technology.   
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CHAPTER 1   INTRODUCTION 
 
Aquatic nuisance species (ANS) can defined as nonindigenous species that threatens 
the diversity or abundance of native species or the ecological stability of infested waters, or 
commercial, agricultural, aquacultural or recreational activities dependent on such waters 
(Carlton et al 1995).   At the same time, nonindigenous species can be any species or other 
viable biological material that enters an ecosystem beyond its historic range, including any 
such organism transferred from one country into another (Carlton et al 1995).  One of the 
significant vectors aiding the introduction of these species is the uncontrolled discharge of 
shipping ballast water during the twentieth century (Barrett-O’Leary 1998, Carlton 1985).  
Global shipping currently transports 80 percent of the world’s commodities and is 
fundamental to trade (National Research Council 1996).  There are wide ranges of the 
species: microorganisms (protozoa, dinoflagellates, and cholera), planktonic species, plants, 
insects, other arthropods, worms, mollusks, and vertebrates.  Typical sizes of these types of 
organisms ranges from 0.02 µm to 10,000 µm (Buchholz et al 1998).  The size range 
mentioned here is referring to any organisms that might be transported into the ballast water 
tank after initial intake screening using 15,000 µm sieves at the sea chest and/or hull fitting. 
Ballast water is essential for vessel stability and trim.  Historically, ballast used in 
vessels was in the form of solid materials such as rock, sand, and metals.  By 1900, the 
replacement of solid materials with water (freshwater or saltwater) has made vessel-based 
transport much easier.  Ballast water functions include transverse stability throughout the 
entire voyage, reducing hull stress, improving maneuverability, controlling elevation during 
loading and unloading process, and compensating for weight loss (water and fuel 
consumption) during the journey.  With respect to ANS, the problems associated with ballast 
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water are vessels that pump in ballast water while in a port, and then discharge the ballast 
water into another port.  During this process, any living species or sediment might be 
transported from the ballast tank and discharged at another location.  For example, when 
vessels from European ports visit American (USA) ports, the vessels might discharge a 
portion of ballast water, with the potential of introducing ANS into a non-native habitat.  
Nonetheless, not all species survive during the voyages and adapt to the new environment.  
Species that manage to survive within the similar environmental conditions can cause a 
profound ecological change to a regional habitat such as causing significant disruption or 
unbalance in the food chain and ecosystems.  The impact can be pervasive.  Certain native 
species might face the potential of elimination if the ANS have no predator present.   
It is estimated that acknowledged and unacknowledged ballast water of 7.9x107 
metric tons (MT), or almost 2.1x1010 gallons of ballast water, arrives in U.S. waters annually 
from foreign ports (Carlton et al 1995).  This corresponds to over 2.4x106 gallons per hour 
(9.0x103 m3/hr).  Typically, bulk carriers have average capacities of 1.9x104 MT (5.1x106 
gallons) ranging from 211 MT (5.6X104 gallons) to 4.7x104 MT (1.2X107 gallons); tankers 
have average capacities of 1.4 MT (3.6X106 gallons) ranging from 1.5x103 MT (4.0X105 
gallons) to 2.8x104 MT (7.5x106 gallons); container ships have average capacities of 1.1x104 
MT (2.8X106 gallons) ranging from 3.9x103 MT (1.0x106 gallons) to 2.2x104 MT (5.9x106 
gallons) (Carlton 1995 et al).  Discharge of such significant volume poses high risks of 
introducing ANS.  For example, in San Francisco Bay alone, an average of one new 
introduction of ANS was established every 14 weeks between 1961 and 1995 (Cohen and 
Carlton 1998).  According to Hallegraeff and Bolch (1992), in 1990, a total of 343 cargo 
vessels had been sampled from 18 Australian ports; of which 65 percent “were carrying 
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significant amounts of sediment on the bottom of their ballast tanks.”  Dinoflagellate cysts 
(resting spores) were present in 50 of the 100 sediment samples examined and five 
contained toxic dinoflagellate species.  Blooming of the dinoflagellates causes red tide 
effect, reddish discoloration of coastal ocean waters, and may produce toxics that kill fish 
and contaminate shellfish. 
Much attention has been given to ballast water related issues since the invasion of 
zebra mussels in the Great Lakes area.  Zebra mussel damage to water intakes, utilities, 
water treatment industries, and also the native mussels have prompted the authorities to 
establish rules and regulations related to ballast water discharge under the National Aquatic 
Nuisance Prevention and Control Act (NANPCA) promulgated in 1990.  These regulations 
required that vessels entering the Great Lakes from the U.S. or the Canada must carry out 
ballast water exchange (BWE) or any acceptable controlling method that are approved by 
the U.S. Coast Guard.  By 1996, the scope has been broadened to cover all U.S. waterways 
under National Invasive Species Act (NISA) of 1996.  Although BWE has the potential to 
prevent the introduction of ANS from ballast water on an individual basis, it is still far from 
perfect and may not be effective, applicable or safe in all situations.  Not all vessels can 
perform BWE, and majority of vessels prefer not to exchange but retain ballast on board 
(BOB) citing vessel safety as a basis.  The International Maritime Organization (IMO) has 
currently adopted the voluntary practice of BWE, wherever possible.   
In the long term, a series of control methods are desirable.  Treatment potential can 
be inferred from performance of unit operations and processes in the water and wastewater 
industries.  Candidate operations and processes include filtration, thermal, cyclonic 
separation, ultra-violet (UV), ultrasonic, chlorination, and others.  Although several methods 
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have been tested according to selected organism’s removal or inactivating efficiency, most 
development is still at a conceptual or bench-scale stage.  Conceptually, to ensure the 
highest microorganisms removal from ballast water, a separation process followed by a 
disinfection process will achieve the optimum results based on either the removal of the 
organism or inactivation of the organism.  As each controlling option may not be suited for 
every vessel, several options should be made available to choose from for the shipping 
industry.  While it is part of the objective in NISA to identify these potential methods, 
certain conditions have to be considered in particular the effectiveness, applicability, safety, 
environmental acceptability, and costs to the shipping and port industry.  Implementations of 
such methods in the U.S. may take many decades.  Major obstacles related to the 
implementation for the shipping industries are the lack of an international standard as to 
what controlling methods are suitable and what criteria need to be considered.   A workshop 
report from the 1st International Ballast Water Treatment Workshop suggested that potential 
controlling options should achieve at least 95% removal/kill/inactivation from each of five 
representative taxonomic groups with the current available technology although 100% 
efficiency are desired (Pughiuc et al 2001). Variable sources of ballast water further 
complicate the treatment or control options.  Significantly high flow rates and limited space 
on all existing vessels also pose challenges to designers.  In the USA, differing regulations 
set up by each state may cause shipping owners to divert their shipping routes to a particular 
state for economic reasons.         
One of the potential control methods is dissolved air flotation (DAF).  This is a 
physical process of separating particles, biological organisms, or suspended solids from the 
liquid phase with the addition of small gas bubbles (usually air) in a size range of 10 to 100 
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µm.  For example, air is saturated in solution where it is pressurized typically to several 
atmospheres (414-552 kPa or 60-80 psi) pressure.  Sudden release of this pressure will cause 
cavitation to occur and a large number of small size air bubbles are formed.  These rising 
bubbles will either adhere to particles or are trapped in the floc structure, resulting in an 
increase in buoyancy of particle/flocs that are then buoyed to the surface where they are 
separated from the liquid.  Originally developed to separate ore into a concentrate in the 
mining industry, this technology has been used extensively in the application to remove 
suspended solids, grease and oil in the wastewater industries.  Drinking water industries also 
used DAF to remove algae, which is not effectively removed by other methods such as 
sedimentation due to its low settling velocity.  Another advantage compared to 
sedimentation tank include smaller tank size requirement, which reduces capital cost.  
Favorable results have shown that DAF is effective in treating oily waste and algae.  The 
paper industry used DAF for treating “white water”, i.e., finely suspended fibers in water 
from the paper machines or digesters.  Adopting knowledge from the drinking water and 
wastewater industries, this research hypothesized that the DAF was feasible for ballast water 
control as a port-based or vessel-based scenario.   
Biological particle characterization can be obtained in terms of particle size 
distributions (PSD), particle count or number and relative sizes, and surface area. While 
surface area measurements may not be practical on an event basis, the distributions of 
surface area within particular gradation may be estimated through the use of the two-
parameter power law function for modeling of measured particle size distributions 
(Kavanaugh et al 1980, Stumm and Morgan 1996).  Coefficients of the power law, α, 
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describe the index in terms of particle concentrations, and the exponent, β, describes the 
relative size of the particle size distributions.   
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CHAPTER 2   BALLAST WATER IMPACTS AND POTENTIAL CONTROLS 
2.1 INTRODUCTION 
The invasive impacts of aquatic nuisance species (ANS) transported in ballast water 
have caused profound effects both economically and ecologically.  ANS have fundamentally 
altered the coastal and near-coast waters of the U.S. (Carlton et al 1995, Carlton 1996b, Ruiz 
et al 2000).  With the increase in sea trade, vessel cargo capacity also increases.  
Consequently, the potential of ANS invasion is amplified.  According to the Lloyd’s 
Register World Fleet Statistics of 2000, as of 31 December 2000, there are 46,205 cargo-
carrying vessels with a dead weight tonnage (DWT) of 7.9x108 and 5.3x108 gross tonnes 
(GT) (Lloyd’s Register of Shipping 2000).   In 2000, the average age of these vessels was 
19 years.  Vessels cargo carrying capacity is defined by the vessel’s DWT.  Therefore, the 
DWT would be equivalent to the amount of ballast water that can be taken on board or 
discharged.  For all USA ports, the total tonnage (domestic and foreign) reported for the year 
of 2000 was 2.6x109 tons (Waterborne Commerce Statistics Center 2002).  Of this total 
USA tonnage, the state of Louisiana has the highest port tonnage of 4.6x108 MT (5.1x108 
tons).  The Port of South Louisiana was ranked third in the world in terms of total cargo 
volume with 1.9x108 MT (2.1x108 tons) for the year of 1999.  The unit expressed in weight 
is corresponding to the weight of water being displaced by the cargo. 
While the rules and regulations for treating ballast water are still in development on 
both the local and global level, the need for ballast water control or exchange is virtually 
unsatisfied.  A study by Tjallingii and Schilperoord (2001) predicted that once the 
International Maritime Organization (IMO) ratifies the ballast water treatment methods by 
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the year 2003, the return on investment could reach 1 billion U.S. dollars (USD) or more per 
year, as early as 2008. 
Challenges associated with treating ballast water include significantly high flow 
rates, limited space availability, high-energy consumption, lack of training expertise, 
implication of safety protocol for crew and vessels, and high cost of operation.  It can further 
be complicated with tremendous variability in ship designs and capacity, as well as a wide 
diversity of ballast water influent characteristics.  Additionally, not all existing vessels can 
be retrofitted for ballast water controls due to the fact that most vessels are designed to 
maximize cargo capacity.   
2.1.1 Objective 
The objective of this study is to provide a review of the engineering challenges faced 
with the conceptual design of shipping ballast water controls.  A brief history of ANS 
invasion in the USA is presented followed by a discussion of the regulations developed to 
control and prevent further invasions of ANS using ballast water exchange (BWE) as the 
default method (current practice).    Summaries of the primary forms of controlling options 
that are, or may offer potential, for vessel or shore-based treatment are presented for 
comparisons.  Most information was obtained from the latest findings of different 
researchers dealing with ballast water issues.  Each controlling option is evaluated based on 
the effectiveness, applicability, safety, environmental acceptability, and cost to the shipping 
and port industry.   
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2.2 BACKGROUND 
2.2.1 History of Bioinvasions 
While the zebra mussel invasion is the most infamous and recent ANS invasion, 
ANS have long since posed a problem in the U.S. waters.  For example, the sea lamprey 
(Petromyzon marinus) was found in Lake Ontario (1835), Lake Erie (1921), Lake Huron 
(1932), Lake Michigan (1936), and Lake Superior (1946) (Ricker 2000).  The sea lamprey is 
a parasite fish with an eel-like body.  It will attach to deepwater fish, especially lake trout, 
for food and transport to adjacent lakes.  Body fluid in the fish acts as the source of 
nourishment for the sea lamprey.  The sea lamprey will remain attached until it quenches its 
appetite or until its host dies.  The impact of sea lamprey devastated trout, and whitefish 
populations in the Great Lakes.  However, actions have been taken to control the spreading 
of the species to the entire river systems.   This work includes use of a lampricide control, 
TFM (3-trifluoromethyl-4-nitrophenol), which kills sea lamprey larvae without harming fish 
and other organisms.   Other methods include setting up barriers, traps, and a sterile-male-
release technique that reduce the sea lamprey spawning activities (Gaden 1999).  These 
methods have successfully reduced the sea lamprey population while promoting the 
resurgence of lake trout and salmon.  
The massive invasion and destruction by the notorious zebra mussel (Dreissena 
polymorpha) in the Great Lakes since the discovery of the zebra mussel in 1988, has 
prompted researchers to begin investigation into the potential threats of ANS.  
Consequently, engineering solutions or control methods are considered to contain the spread 
of ANS.  The zebra mussel originated from the Caspian and Black sea regions of Eurasia 
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and was transported by transoceanic ships discharging ballast water into Lake St. Clair, 
Michigan, in the mid 1980s (Snyder et al 1990).  The ability of the zebra mussel to clog 
drinking water, wastewater, and power plant pipelines has cost more than 5x109 USD since 
1989 to repair and replace these pipelines.  Currently, the zebra mussel has spread to inland 
lakes and rivers across North America and migrating down from the Great Lakes to the Gulf 
of Mexico via the Mississippi River.   
In addition to economic impact, human health is at risk.  Some pathogens such as 
cholera (Vibrio chloerae) can be transported during the vessel’s voyage, posing a potential 
health threat to human being.  Cholera has been detected in the ballast tanks of a ship in 
Mobile Bay, Alabama (ANS Task Force 1991).  Samples from oyster and finfish in that 
location have tested positive for cholera strains.   
Phytoplankton, including diatoms and dinoflagellates, are common in ballast water 
(Carlton and Geller 1993, Hallegraeff 1993).  One particular vessel traveling from the 
Eastern Mediterranean to Baltimore harbor in April 1995 unintentionally harbored over 50 
active fish (Liza, a mullet) ranging from 30 to 60 cm (12 to 24 in) in length in a  ballasted 
cargo hold (National Research Council 1996).   
A report by the Environmental Defense Fund shows that roughly 400 of the 958 
species listed as threatened or endangered by the U.S. Department of Interior are at risk from 
invasive species (Pacific Ballast Water Group 1999).  It should be noted that the impacts of 
ANS are most often irreversible.  Therefore, proper steps must be taken to prevent any 
future catastrophic losses.  Nonindigenous invasive species are now reported to be the 
second most dangerous threat to endangered and threatened species nationwide, following 
habitat destruction (Wilcove et al 1998). 
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2.2.2 Function of Ballast  
Ballast is defined as any solid or liquid that is pumped into the vessel’s ballast tank 
to adjust the trim, maintain stability, sustain structural integrity of the hull, and to control 
vessel speed.  The trim refers to the difference between the drafts, where the drafts is 
defined as depth to bottom of ship below the water surface.  Prior to 1900s, most ships used 
solid materials such as rocks and sand to provide ballast for the vessel.  However, as sea 
navigational technology improves with time, the majority of vessels have adopted the use of 
water (fresh, brackish, or saltwater).  Liquid ballast is easier to manage and less dangerous 
by eliminating shifting (such as rocks) during transit and reducing the time need to load 
solid ballast.   
Whenever cargo from a vessel is unloaded at the port of call, resulting load changes 
to the hull inevitably occur.  As a result of load changes, the vessels will have to replace the 
weight loss from the cargo with ballast water from the port.  However, if a vessel is loaded 
with cargo, the process is reversed and ballast water taken from last port of call (LPOC) will 
be discharged.  The process of ballast/deballast due to cargo exchanges is illustrated in 
Figure 2.2.1.  In addition, ballast water operations can be performed while out at open sea.  
This is especially crucial for vessels to compensate for weight loss due to fuel and water 
consumption during the voyage.  Furthermore, during rough weather conditions, the vessels 
may need to increase its ballast water volume to decrease buoyancy for stability.  This extra 
ballast may be partially discharged when coming into ports.   
2.2.3 Introduction of ANS through Ballast Water 
As previously mentioned, ballast water is recognized as one of the main vectors of 
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1. At source port, unloading cargo,
    filling with ballast water (ballasting)
3. At destination port, loading cargo,
    discharging ballast water (deballasting)
2. Voyage, empty of cargo, 
    full of ballast water
ballast water out
ballast water full
cargo in
ballast water out
cargo hold empty ballast water full
ballast water in
cargo out
ballast water in
Cargo
Ballast water
 
Figure 2.2.1 Ballast water cycle (adapted from IMO 1997) 
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ANS introduction (Barrett-O’Leary 1998, Carlton 1985).  Due to the flexibility of the ballast 
water intake system, vessels can acquire or discharge ballast water at any time, regardless of 
location.  Vessel’s sea chests with ballast pumps or gravity feed are used to take up ballast 
water on board a vessel.  Sea chests can be located under the vessel, on the side of the vessel 
or on the turn of the bilge, and are usually duplicated on both sides of the vessel (National 
Research Council 1996).  Virtually all organisms less than 10,000 µm in size that are 
adjacent to a vessel could be ballasted onboard (National Research Council 1996).  The 
organisms may be swimming in the water, stirred up from the bottom sediment, or rubbed 
off harbor pilings.  Inside the ballast tank, adverse environmental conditions including 
changes in physical and chemical water parameters as well as resource depletion (food, 
light, and oxygen) may hinder the survival of ANS during the voyages.  However, it is 
estimated that at any one time, over 3000 different species are being transported in vessel’s 
ballast tanks throughout the world (IMO 1997).  Virtually all ballast water samples taken to 
date in Canadian, Australian, German, and USA studies contained living organisms, 
indicating that ballast water, and associated sediments, are a viable habitat for a wide variety 
of freshwater, brackish water, and saltwater organisms (Howarth 1981, Jones 1991, 
Hallegraeff and Bolch 1992, Carlton and Geller 1993).  Most often, vessels will carry 
enormous amounts of ballast water, dwarfing the weights of the cargo.  This implies that, 
while the majority of the organisms fail to endure the voyages, the quantity of survivors is 
still significant in terms of concentration.  After the vessels reach the port of call, ballast 
water is discharged as cargo is loaded.  During this process, any living species that managed 
to survive will be discharged into a new and unfamiliar environment.  Again, the 
environmental conditions in the new location might not be suitable.  However, if the 
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conditions are favorable, the species will adjust to the new environment and will potentially 
threaten the ecosystem, due to lack of natural predators.  When one of the native species is 
reduced or eliminated, there is a break or discontinuity in the local food chain.  As a result, 
extinction of certain native species may occur.   
2.2.4 Current Regulations (National and International) 
2.2.4.1 Nonindigenous Aquatic Nuisance Prevention and Control Act (NANPCA) 
Although the impact of the ANS is a worldwide issue, not all countries are actively 
involved in control and prevention.  Some of the leading countries that address this problem 
are New Zealand, Australia, Canada, Scandinavia, Brazil, Argentina, Chile, Israel, and the 
USA.  This study will focus on the regulation in the USA and the recommendations 
suggested by the IMO.   
In November of 1996, the United States Congress passed the Nonindigenous Aquatic 
Nuisance Prevention and Control Act of 1990 (NANPCA - Public Law 101-646), thirty 
months after the discovery of Eurasian zebra mussels in Lake St. Clair and Lake Erie 
(Bederman 1991).  The main purpose of NANPCA was to prevent further introductions of 
ANS and to control existing unintentional introductions.  According to this law, the U.S. 
Coast Guard was responsible for manifesting guidelines and regulations to reduce the 
spreading of ANS.  Concurrently, the Department of Wildlife and Fisheries, the U.S. Coast 
Guard (USCG), the U.S. Environmental Protection Agency (USEPA), the U.S. Army Corps 
of Engineers (USCOE), and the National Oceanic and Atmospheric Administration (NOAA) 
formed the Aquatic Nuisance Species Task Force (ANS Task Force) to implement goals for 
control of ANS (adapted from Greenman et al 1997).  The goals are: 
 16 
 
• To prevent unintentional introduction and dispersal of nonindigenous species into 
waters of the United States through ballast water management and other 
requirements; 
• To coordinate federally conducted, funded or authorized research, prevention 
control, information dissemination and other activities regarding the zebra mussel 
and other aquatic nuisance species; 
• To develop and carry out environmentally sound control methods to prevent, monitor 
and control unintentional introductions of nonindigenous species from pathways 
other than ballast water exchange; 
• To understand and minimize economic and ecological impacts of nonindigenous 
aquatic nuisance species that become established, including the zebra mussel;  
• To establish a program of research and technology development and assistance to the 
States in the management and removal of zebra mussel. 
In May of 1993, under the authority of NANPCA, the USCG issued mandatory 
exchange regulations for ballast containing vessels wishing to enter the Great Lakes from 
waters outside the USA Exclusive Economic Zone (EEZ).  This act was eventually amended 
in 1994 to include portions of the Hudson River area due to its conjunction with the Great 
Lakes (West Coast Ballast Outreach Project 2001). 
2.2.4.2 National Invasive Species Act 
NANPCA was further amended with the National Invasive Species Act (NISA) of 
1996.  NISA was passed by the 104th United States Congress on 3 October 1996, and signed 
by President Bill Clinton on 26 October 1996 as Public Law 104-332.  The purpose of NISA 
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was to reauthorize and amend the NANPCA.  NISA requested that all ships entering a USA 
port follow the ballast water management program in order to minimize the risk of 
introducing nonindigenous species.  This program includes: 
• Exchanging ballast water obtained from harbors or other coastal areas outside of the 
USA Exclusive Economic Zone (EEZ) for mid-ocean water (obtained from areas with 
at least 200-miles from any shore and with at least 2000 m or 6562 ft of depth) prior to 
its release in USA coastal waters; or 
• Detainment (no discharge) of unexchanged ballast water that was collected from 
overseas coastal waters (Ruiz et al 2000).  
In compliance with NISA, vessel owners or operators are required to report their 
ballast exchange activities to the National Ballast Information Clearinghouse, over seen by 
the Coast Guard (USCG).  The data obtain will be shared with the Smithsonian 
Environmental Research Center for further analysis, pursuant of CFR §151.2045 (Ruiz et al 
2000).  Exceptions from these rules are military vessels and crude oil tankers that engaged in 
coastal trade.   
In order to evaluate the ballast water compliance reporting requirement and 
compliance of the voluntary guidelines, the National Ballast Information Clearinghouse 
(NBIC) will have to compare ballast quality recorded in the USA Foreign Waterborne 
Transportation Statistics (maintained by the Department of Transportation’s Maritime 
Administration) with the data recorded by the Coast Guard.  Two criteria being considered 
for the ballast water voluntary guidelines are:  (i) the number of vessels reporting complete 
exchange or retention of ballast water and, (ii) the volume and proportion of discharged 
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ballast water that underwent complete exchanged, partial exchange, and no exchange (Ruiz 
et al 2000). 
Reauthorization of NISA has been postponed to 2003 from the initial schedule of 
2002.  While BWE is currently considered as the default method in minimizing the 
introduction ANS, a series of controlling methods are desirable for the long term effects.   
Several possible standards for potential ballast water controlling options have been 
suggested using information obtained from the USCG and IMO (USCG 2002).  The first of 
these standards include at least 95% removal, destruction or inactivation of a representative 
species from each of six representative taxonomic groups: vertebrates, invertebrates (hard-
shelled, soft shelled, soft-bodies), phytoplankton, and macroalgae.  The efficiency will be 
based on a defined set of standard biological, physical, and chemical intake conditions, 
which are still in the developing process. Secondly, ballast water control must exhibit 
removal, destruction, or inactivation of all organisms larger than 100 µm in size.  Additional 
standards include 99% removal of all coastal holoplanktonic, meroplanktonic, and demersal 
zooplankton, inclusive of all life-stages (eggs, larvae, juveniles, and adults).  This is 
followed by 95% removal of all photosynthetic organisms, including all life stages of 
phytoplankton, propagules of macroalgae, and aquatic angiosperms. In particular, 
Enterococci and Escherichia coli may not exceed numbers of 35 per 100 ml and 126 per 100 
ml, respectively.  The final standard would prohibit the discharge of organisms greater than 
50 µm in size, and would have to meet federal criteria for contact recreation (i.e., 35 
Enterococci per 100 ml or 10 cc for marine waters and 126 Escherichia coli per 100 ml for 
freshwaters). 
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2.2.4.3 International Maritime Organization (IMO) 
IMO is the international regulatory board established by 161 member countries and 
two associate members. The objectives of the establishment of IMO are to improve safety at 
sea and to prevent and control pollution of the marine environment from ships (IMO 2001).  
The issues with invasive species were discussed in detail in the United Nations Conference 
on Environment and Development (UNCED) held in Rio de Janerio in 1992. The UN called 
on the IMO and other international bodies to respond to these growing issues of ANS (IMO 
2001).  Voluntary guidelines were developed by 1993 for ballast water management control.  
In 1997 the Marine Environment Protection Committee (MEPC) in conjunction with the 
Marine Safety Committee (MSC) developed a more comprehensive set of guidelines for the 
management of a vessel’s ballast water to minimize the transfer of harmful aquatic 
organisms and pathogens.  These guidelines were adopted by the IMO Assembly in 1997, by 
resolution A.868(20) (Pughuic 2001). Furthermore, these guidelines serve as a basis for a 
new Annex to MARPOL 73/78 (International Convention for the Prevention of Pollution 
from Ships, 1973, and the Protocol of 1978 related thereto).  Recommendations suggested in 
the guidelines are as follows: 
• Minimize the uptake of organisms during ballasting, by avoiding areas in ports 
where populations of harmful organisms are thrive, as well as shallow waters where 
bottom-dwelling organisms may be suspended by vessel turbulence. 
• Cleaning ballast tanks by removing mud and sediments that accumulated tanks on a 
regular basis that may harbor harmful organisms. 
• Avoiding unnecessary discharge of ballast. 
• Undertaking ballast water management procedures, including: 
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(i) Exchanging ballast water at sea, replacing ballast with “clean” open ocean 
water.  Marine species accumulated at the source port are less likely to survive 
in the open ocean. This is due to distinct environmental conditions of open 
ocean water compared to coastal waters and port waters. 
(ii)  Non-release or minimal release of ballast water. 
(iii) Discharge of ballast water to onshore reception and treatment facilities 
Currently, the MEPC has been composing a new international document containing 
articles, regulations, and guidelines that will be released on October of 2002 at a Diplomatic 
Conference held primarily for the adoption of this mandatory instrument (Rigby and Taylor 
2001).  The IMO has recently proposed that the new standard for ballast water treatment 
technologies should achieve at least 95% removal, destruction, or inactivation of each of 
five representative taxonomic groups (Pughiuc et al 2001).  However, these standards are 
still in the developing process, so specific information of the taxonomic groups is not yet 
finalized.   The 95% standard is considered practical and realistic when considering that 
available technology is never able to ensure 100% removal efficiency of all organisms 
harbored in ballast water.    
2.2.5 Current Methods for Control of ANS in Ballast Water 
In order to reduce the potential invasion of ANS, a vessel-based treatment, known as 
ballast water exchange (BWE) is currently accepted as the default method.  Vessels entering 
the Great Lakes through USA or Canadian borders have adopted this method.  The criteria 
for conducting BWE include exchanging coastal water for open seas water (outside of the 
EEZ) at a location no closer than 200 miles from coastal lands and in water at depth at least 
2000 m (6,562 ft) deep.  After the exchange, ballast water must posse’s salinity values above 
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29.0 parts-per-thousand (ppt) in order to be in compliance.  This is based on the assumption 
that species obtained in from the open oceans are unlikely to survive in the coastal water 
condition due to significant difference in temperature and salinity.  According to a study 
reported by Carlton (1985), surface dwelling organisms archetypal of the open ocean are 
characteristically distinct from those organisms living in coastal waters where ballast water 
is first acquired.  Utilization of this method permits discharge of a large percentage of 
coastal organisms into the higher salinity mid ocean and replaces the initial ballast water 
with open-ocean water typically higher in salinity.  Another consideration for conducting 
exchange at such remote locations is to reduce the chances of loading sediments into the 
ballast tank which are difficult to treat or remove.     
Until more advanced, economical and effective technologies are developed, BWE is 
viewed as the most feasible short-term measure.  Currently, two common methods are 
considered to perform the function of BWE:  (1) empty/refill exchange and (2) flow-through 
exchange or dilution.  Both methods are a function of the tank volume and pump 
interactions as well as hydrodynamics. 
2.2.5.1 Empty/Refill Exchange 
During this BWE method, ballast water taken at the LPOC is discharged completely 
and replaced with mid ocean water.  Efficacy of this method is dependent on a volume 
comparison or ratio where:  
( ) ( )100
V
V
% essEffectiven
original
exchange ⋅=       (2.1) 
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This method is effective as long as there is complete ballast exchange (100% exchange 
volume, salinity of 29 ppt or more, and no sediments trapped).  A schematic depicting the 
method is illustrated in Figure 2.2.2.   
 
 
 
Figure 2.2.2 Ballast  water exchange – Empty/refill method 
 
 
However, several problems may arise during this process.  It should be remembered that 
ballast water is used to increase stability, trim and safety of the vessel (increase or decrease 
dead load depending on sea condition).  Therefore, the empty/refill process can destabilize 
the vessel.  For example, as one particular ballast tank is emptied, significant load change 
may occur.  Shear stress and bending moments on critical structural components caused 
from load exchange may exceed the load bearing capacity of the hull (Rigby and Hallegraeff 
1994).  These changes can compromise the safety of the vessel and crew unless proper 
precautions are taken (Pacific Ballast Water Group 1999).  The exchanged ballast water 
must be carried out in a carefully arranged sequence of operations.  The vessel master must 
be well trained before any empty/refill exchange can safely occur.  A pervasive problem for 
BWE is that the existing ballast pumps are often located at the top of each ballast tank.  
Most existing tank/pump spatial arrangements do not allow for the total removal of all 
waters and sediments trapped at the bottom of ballast tank.  As a result, sediments boring 
organisms such as larva and cysts that are able to cope with the ballast tank conditions may 
survive.  If conditions are favorable, organisms may be replenished with nutrients and 
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oxygen with new intake of ballast water.  According to Hallegraeff and Bolch (1992), 
resting spores of toxic dinoflagellates have been found in ballast tank sediments.  Thus, 
there is the potential threat of ANS invasion even after ballast water exchange at the port of 
call.  Furthermore, removal of sediments and aqueous residuals becomes more difficult for 
vessels failing to maintain sediments removal practices (as such cleaning is not required).  In 
addition, rough weather conditions at mid-ocean discourage the exchange process for the 
reason of safety and stability. 
Miller (1998) has demonstrated that reballasting efficiencies (ballast water volume 
from last port of call (LPOC) being exchanged) have reached 90% or more through 
empty/refill exchange.  Rigby and Taylor (2001) witnessed 99.6% exchange efficiencies 
through the use of an ejector system that minimized the amount of water remaining on the 
ship Iron Whyalla (original ballasted water volume of 55,000 m3 or 14.5 million gallons).   
Again, it should be noted that high exchange efficiency does not necessary imply that all 
harmful organisms have been completely removed, killed, or inactivated.   
The costs of empty/refill exchange are relatively low.  According to the Pacific 
Ballast Water Group (1999), expenses include the development of a separate BWE 
management plan for each trip, including pumping, and labor costs, estimated at 0.021 USD 
per metric ton (MT) of ballast water.  Rigby and Taylor (2001) calculated that the costs 
ranged from 0.008 to 0.0011 USD/m3 (0.013 to 0.019 AUD/m3) with no ship modifications 
and as high as 0.086 USD/m3 (0.15 AUD/m3) for basic modifications.  The “AUD” refers to 
Australian dollars with exchange rates of 1 USD = 1.83 AUD.  Additional researchers 
estimated the costs to be 0.02 to 0.04 USD per metric ton (Dames and Moore 1999, Oemcke 
1999). 
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2.2.5.2 Flow-Through Exchange 
Recommended by the IMO, this method dilutes the original ballast water by 
pumping mid-ocean water into ballast tanks while simultaneously pumping out the original 
ballast water.  During this process, mid-ocean water is drawn from the sea chest and pumped 
into the ballast tank from the top.  Eventually, the ballast tank will exceed capacity and 
overflow.  Generally, the ventilators or manholes will serve as relief point for the excess 
flow, diluting the ballast water in the process.  A schematic diagram of this process is shown 
in Figure 2.2.3.   
 
 
Figure 2.2.3 Flow-through exchange 
 
Theoretically, a dilution factor of three will results in 95% exchange of the original ballast 
water, assuming ideal condition.  There are two groups of assumptions for flow-through 
exchange that are dependent on tank behavior.   If the tank behaves as a CSTR (continuously 
stirred tank reactor), the following assumptions are made: (1) complete and instantaneous 
mixing, (2) the direct comparison of volumetric exchange to the exchange of organisms, (3) 
no dead space, (4) steady flow conditions, and (5) salinity adversely impacts organism 
survival rates.  The first four assumptions are inherent in a first-order exponential decay 
model using tank residence time.  The model is expressed as: 
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where Co  is the initial concentration of biological organisms, Ce is the final concentration 
after three volume exchanges, K is the first order rate constant, and t is time taken for 
exchange.   
Alternatively, a second model similar to the flow-through dilution method originally 
applied to an English merchant vessel can more accurately represent the ballast exchange 
conditions including accounting for dead space (Sansalone et al 2001).  Figure 2.2.4 
represents the conceptual diagram of the ballast tank flow model and associated parameters.   
 
 
 
 
 
 
 
 
 
Figure 2.2.4 Alternative flow-through exchange model 
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bypass), Vd is the tank volume of dead space (no mixing occur), Vs is the tank volume with 
mixing,  V is the tank total volume where V = Vs + Vd, Qs is the flow rate through tank, Qb 
is the bypass flow rate, Qo is the inflow rate or the total outflow rate where Qo = Qs + Qb, β 
is the degree of bypass where β = Qb/Qo, α is the effective tank volume where α = Vs/V, and 
k is either decay (-) or generation (+) coefficient.   
An example illustrates the application of this model.  In this example, the first-order 
die-off rate for organism was 0.07 day-1, biological organisms concentration was 21.4 g/m3, 
each side of the bottom ballast tank held 8000 metric tons (8x106 m3 or 2.1x109 gallons) 
with selected tank volume, V = 8,016 m3, and the inflow rate, Qo = 14,400 m3/day.  This 
model can be used to illustrate the effectiveness of BWE as a function of ballast tank dead 
space as shown in Figure 2.2.5.  From this figure, it clearly demonstrated that for cases with 
significant dead space, achieving 95% volumetric exchange of original ballast water would 
require a significantly longer exchange time and additional tank exchanges.  As a result, 
only vessels with relatively long voyage times are suitable to conduct flow-through 
exchange.   
In other instances, field research has suggested that the exchange process may 
demonstrate plug flow under selected conditions (Hays and Tanis 1998).  This may be due 
to the original design that oriented the inlet and outlet zones (or pipes) at the top of the 
ballast tank.   Therefore, incoming water may take the shortest route between intake and 
outlet.  If the tank behaves as a plug flow reactor (PFR), then it is assumed that no mixing 
occurs.  Sediments trapped at the bottom of tank will not be flushed out, due to lack of 
turbulence in the lower reaches of the tank.   In terms of structural integrity, the flow- 
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Figure 2.2.5 Effectiveness of BWE for a range of ballast tank dead space (α: 0 to 
50%) (Sansalone et al 2001) 
 
through exchange method will be more favorable because it does not affect the stability of 
the vessels during exchange as compared to the empty/refill exchange method.  While in the 
dilution process, there are no significant changes in shear stress and bending moments of the 
hull [structural body of a ship, including shell plating, framing, decks, bulk-heads (National 
Research Council 1996)] due to the fact that ballast tanks are continuously loaded with 
ballast water.  However, the flow-through may still pose risks for rough weather conditions. 
As indicated by Rigby and Hallegraeff (1994), experimental trials performed on the 
Iron Whyalla (including 3 tank volume exchanges) resulted in 95% removal of the original 
water.  Analyses conducted by the New Zealand researchers (Taylor and Bruce 2000) using 
Rhodamine dye as a tracer injection have indicated removal efficiencies in excess of 90% 
(Spirit of Vision, tank capacity of 114 m3) to 99% (Iver Stream, tank capacity = 1435 m3).  
However, it should be noted that the dye tracer is soluble and does not necessarily represent 
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the organism transport in the tank.   The costs for flow-through exchange are double the 
empty/refill exchange as described by Rigby et al 2001.  According to the Pacific Ballast 
Water Group (1999), the costs have been estimated to range from 0.058 to 0.081 USD/MT 
of ballast water.  These expenses take into account the development of ballast water 
exchange management plan for each ship, including pumping, fuel, and labor costs.  Cost 
estimates for the flow-through exchange procedure required to exchange 56,000 MT of 
ballast water range from 925 USD (1,620 Australian dollars, AUD ) to 2,570 USD (4,500 
AUD) for the Iron Whyalla with flow rates range from 500 to 1,000 MT/hr (Hays and 
Tannis 1998).    The flow-through exchange time varies depending on pumping rates and 
tank volumes.  
2.2.5.3 Brazilian Dilution Method 
The Brazilian dilution method is modified from the flow-through exchange method 
proposed by the Brazilian oil company, PETROBAS.  This is a relatively new technology 
still in the research stage and could potentially serve as an alternative to BWE.  The major 
modification as compared to the flow-through exchange method is that the flow direction is 
reversed.  Inflow of water drawn from the sea chest is transported up to a ballast pipeline on 
the weather deck.  The water is then channeled to various ballast tanks from an elevated 
location on the weather deck (Hay and Tanis 1998).  The old ballast will be discharged from 
the bottom of the tank using ballast pumps or via gravity (under suitable draft).   From this 
flow pattern, the resulting exchange efficiency will be improved and sediment removal will 
be increased (flow-through exchange).  In addition to better performance (exchange), the 
Brazilian dilution method does not cause any significant stress changes to the vessel hull 
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similar to the flow-through exchange.  According to the PETROBAS, estimated costs can be 
as high as 1% of new tanker costs (for installation) and 3% of old tanker value (for retro-
fitting) (Pacific Ballast Water Group 1999).  In terms of efficiency, Rigby and Taylor (2001) 
have reported that approximately 90% exchange efficiency was achieved using three tank 
volumes to flush the No. 4 starboard wing tank (ballast capacity of 12,500 m3) on the M/V 
Larvas.  For one tank volume exchange, Ruiz and Hines (1997) have reported 60% 
exchange efficiency on the S/R Benecia (based on the change in the salinity in tanks).  By 
utilizing three tank volumes exchanges, 70 to 100% exchange efficiencies were reported for 
the S/R Long Beach.   
2.2.5.4 Drawbacks of Ballast Water Exchange 
While the current practice of ballast water exchange (BWE) is considered by many 
to be the default “practice”, there are many criticisms regarding its effectiveness and safety.  
According to the West Coast Ballast Outreach Project (WCBOP) (2002), the current law 
does not apply to coastal trade such as shipments from Alaska to San Francisco, or Virginia 
to South Carolina.  Another potential problem is that not all vessels can perform mid-ocean 
BWE due to rough weather conditions that might compromise the safety of the vessel and 
crew.  Most vessels are designed such that exchange of ballast water can safely take place in 
calm seas.  As a result, most vessel masters are reluctant to conduct BWE.    Furthermore, 
the IMO discourages reballasting in shallow water and at nighttime, where bottom dwelling 
organisms may rise in the water column.  This may cause potential delays in the shipping 
industry, causing economic disadvantages.  If the exchange were at a port facility, for 
example, demurrage charges (charge assessed to vessel owners for the period a vessel is 
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retained beyond the allocated time for unloading or loading) in large California ports are: 
Panamax Container Vessel (20,000 USD per day); Afromax Tanker (12,000 USD per day), 
and Panamax Builder (11,000 USD/day).  If sea conditions suddenly deteriorate during 
reballasting, or there are miscalculations about the sequence of filling and emptying tanks, 
then the ship may become unstable or the hull may be structurally damaged, potentially 
leading to catastrophic results (National Research Council 1996). 
Outside the USA, certain countries are developing their own legislation including 
Australia, and New Zealand, in addition to various individual ports.  Examples include 
Buenos Aires in Argentina, Scapa Flow in Scotland, and Vancouver in Canada (IMO 2001).  
As in the USA, different legislations from neighboring regions or states develop their own 
sets of requirement that may result in economic advantage or disadvantage for certain ports 
in addition to differing treatment requirements. 
From the interim report of Ruiz et al (2000), over a period of 12 months (1 July 1999 
– 30 June 2000), the nationwide compliance under the mandatory reporting requirements 
was only at 20.8% representing 12,170 vessels (percentage of vessels that entered U.S. 
waters from outside the EEZ).  From the number of ships reported, overall compliance under 
the voluntary ballast water management guidelines was above 75%, although 70.7% indicate 
no discharge.  Conversely, for the vessels intending to discharge their ballast, only about 
22% performed a complete (100%) exchange of ballast prior to discharge.  This was 
followed by 48.1% reported not exchanging while 30.5% reported incomplete exchange.  
These figures again show the inefficiency of current ballast water management guidelines. 
Theoretically, diluting the ballast by a factor of three will remove approximately 
95% or the original water and its biota inhabitants, the remaining 5% still account for a 
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significant amount of water given that bulk carriers often transport in excess of 50,000 MT 
of ballast (Hay and Tanis 1998).  It has been suggested that ships performing BWE in the 
coastal seas surrounding Europe may increase the chances of a potentially harmful 
phytoplankton invasion reaching British shores. This may occur by either revitalizing 
residual phytoplankton from the previous port not expelled by exchanges, or by introducing 
potentially harmful offshore species to estuarine harbors (MacDonald and Davidson 1998).  
They found that mid-water exchange increased the diversity of diatoms and abundance in 
69% and 31% of cases respectively while for the dinoflagellate and abundance there were 
85% and 62%, respectively.   
2.3 METHODOLOGY 
2.3.1 Potential Control Options  
Development of control options is a challenging task due to the wide range of flow 
rates and the sheer magnitude of ballast water volume associated with a typical vessel.  For 
example, ballast pumping rate can range from 100 to 20,000 m3/hr (0.6 to 128 million gallon 
per day) while the ballast volume can range from 1,000 to 200,000 m3 (0.3 to 53 million 
gallon) (National Research Council 1996).  A review of all available controlling methods 
will be summarized.  Factors considered include the effectiveness, applicability, safety, 
environmental acceptability, and cost of the shipping and port industry.  With the extensive 
background information on ballast water, the potential treatments can be applied to port-
based usage while some controls may be suitable for vessel-based application.  Both the 
benefits and disadvantages of these two scenarios will be discussed in detail.  Figure 2.3.1 
and Figure 2.3.2 illustrate the flow chart potential option for vessel-based and shore based 
treatment, respectively.   
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Figure 2.3.1 Vessel-based potential treatment options (Sansalone et al 2001) 
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Figure 2.3.2 Port-based potential treatment options (Sansalone et al 2001) 
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2.4 RESULTS  
2.4.1 Port-Based Controls 
Considered as a long-term solution, port-based controls will generally provide ports 
with more flexibility in the arrangement and management of the treatment plans.  Treatment 
plants can be designed to treat high flow rates and large volume of ballast water effectively.  
Additionally, treated discharges and residuals can be easily addressed.  However, certain 
limitations can be anticipated.  Although port-based treatment has much more liberty in 
terms of space availability, such systems must be designed in such a way that they can 
accommodate as many vessels as possible simultaneously.  Time is a crucial parameter in 
the shipping industry.  In order for a port to accommodate the wide range of vessel designs, 
individual vessels will have to adjust their piping system to be compatible with the port-
based treatment system.   
A study on the feasibility of onshore ballast water treatment at 11 California public 
ports conducted by URS and Dames & Moore (2000) illustrated that estimated capital 
infrastructure costs ranged from 7.6 million to 49.7 million (USD) per port.  Each individual 
public port has a different capacity for handling vessels at one time, and may treat a range of 
flow from 0.001 MGD (millions gallon per day) to 1.0 MGD.  For example, the Port of Los 
Angeles is designed to handle 1.0 MGD while the Port of Hueneme (Northern of Southern 
California) handles 0.001 MGD (URS and Dames & Moore 2000). Costs associated with 
operation and maintenance, chemicals and supplies, electricity, labor, laboratory analysis, 
and landfill disposal, can range from 142,000 to 223,000 USD.  When normalizing these 
treatment costs in terms of amount of water being treated, expenses range from 1.40 to 8.30 
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USD per MT.  Study from URS and Dames & Moore (2000) considers the application of 
filtration processes followed by ultra-violet (UV) irradiation.  To treat the solid or sludge 
residuals accumulated by filtration prior to UV, physical processes such as dissolved air 
flotation or inclined plate thickening are used.  Sequentially, the solids are dewatered via a 
plate and frame press.  In order for vessels to utilize port-based facility, modifications are 
needed in order to allow vessels to pump ballast water at a rate of 1,000 MT/hr (264,200 
gpm) to the main weather deck at the height of 30 m.  The associated retrofitting cost is 
estimated to be approximately 400,000 USD (URS, Dames & Moore 2000).  In Australia, 
Rigby and Taylor (2001) have suggested costs in the range of 0.19 to 7.61 USD/m3 (0.34 to 
13.80 AUD/m3), and 0.30 USD/m3 (0.54 AUS/m3) for a dedicated treatment ship. 
2.4.2 Vessel-Based Controls 
For vessel-based treatments, vessels must have the space and accommodations to 
handle the technology.  If no extra space is available, the cargo capacity may have to be 
reduced to accommodate the ballast water control method.  Vessel-based methods can also 
include the use of barges or specific vessels to store and treat contaminated ballast water 
from arriving vessels.  This will reduce the treatment time and potential delays if the port-
based facility is at its full capacity.  In addition, barges are mobile, allowing exchange to 
take place in any location.  For future vessels, designs should incorporate ballast water 
treatment.  Such considerations will very likely reduce the overall costs in the long run.   
The following section will summarize each potential control options in details 
including BWE and a final summary of all the costs associated with each method:  
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2.4.3 Ballast Water Exchange (BWE) 
Description: Proposed in NISA 1996, BWE is considered the default method for prevention 
and control of ANS.  The purpose is to exchange ballast water obtained from coastal waters 
with open ocean waters (> 29 ppt salinity) at locations outside the EEZ (200 miles) and at 
depth of 2,000 m.  This assumes that species from coastal area are unlikely to survive in the 
open ocean with significant difference in salinity and other environmental conditions and 
vice-versa.  Two methods are available: empty/refill and flow-through dilution.   
 
Advantages:  Empty/refill is relatively simply method to operate but it has to be performed 
in a carefully arranged sequence of operations to avoid sudden change in the structural 
integrity of the vessels.  Flow-through dilution method can minimize the abrupt change in 
shear stress and bending moments during exchange compared to the empty/refill method.  
BWE is considered the most economical short-term measure of ANS control and prevention 
while new potential control methods are being explored and developed.   
 
Disadvantages:   Both methods are not advisable to perform BWE during rough sea 
weather for reason of vessel’s safety and stability.  Most existing tank/pump spatial 
arrangements do not allow for the total removal (100% exchanged) of all waters and 
sediments trapped in the ballast tank.  These unexchanged water and sediments still have 
significant invasion potentials when they are discharged to a new environment.  Resting 
spore toxic dinoflagellates have been found in ballast sediments (Hallegraeff and Bolch 
1992). Therefore, high exchange efficiency does not necessary imply that all harmful 
organisms have been completely removed, destroyed, or inactivated.   
 
Rates:  Report by Gollasch (1997) found that for ballast water volume capacities ranging 
from 4,345-81,379 m3 with pump capacity of 250-2,500 m3/hr, the exchange time was 2 to 4 
days (flow-through dilution).  Miller (1998) has demonstrated 90% efficiency on 
empty/refill while Rigby and Taylor (2001) reported 99.2% and 99.6% efficiency on the 
Iron Whyalla (55,000 m3) using air stripping method.   
 
Safety and Environment:  Considered safe for the ship and crew except on rough weather 
conditions.  Discharged of exchange waters is not a major concern.   
 
Capital Costs:  Rigby and Taylor (2001) estimated the costs of flow-through dilution for 
Cape Size bulk carrier (55,000 m3 capacity) is 21,540 USD (39,500 AUD), LNG Carriers 
(54,508 m3 capacity) is 89,947 USD (165,000 AUD), and Container Ship (1,000 m3 capacity 
per tank) for 53,973 USD (99,000 AUD).   
 
O & M:  Cape Size bulk carrier costs around 0.020 USD/m3 (0.0374 AUD/m3), LNG 
Carriers for 0.020 USD/m3 (0.0374 AUD/m3), and Container Ship for 0.014 USD/m3 
(0.0265 AUD/m3) based on 1,000 m3 replaced (Rigby and Taylor 2001).   
 
Residuals:  No toxic residuals are released.   
 
Conclusion and Recommendation:  BWE has its potential in controlling and preventing 
further invasion of ANS.  However, it still has potential safety risk and not fully effective in 
removing, destroyed, or inactivating ANS.  Therefore, BWE may be a good interim method 
but more methods are needed.   
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2.4.4 Dissolved Air Flotation (DAF) 
Description:  DAF has been applied effectively in wastewater treatment to remove 
suspended solids, fibers, grease, oil, and biological solids from wastewater (Metcalf and 
Eddy 1991).  It is also proven effective in nutrient rich water against heavy algal blooms for 
treatment of drinking water.  Microorganisms with low specific gravity can also be removed 
by DAF.   
 
Advantages:  A bench-scale unit of DAF using ballast water surrogates (a saltwater 
aquaculture matrix) has shown removal efficiency as high as 99% for particle sizes and 
microorganism ranging from 1 to 250 µm.  In the case of freshwater aquaculture sludge, 
removal efficiency of 85% was achieved.  DAF is more effective than sedimentation for 
biological organisms with a relatively smaller tank size and contact time, making DAF 
suitable for vessel-based and port-based applications.   
 
Disadvantages:  Performance of DAF has not been investigated for virus and bacteria 
species less than 1 µm.  More investigation is needed to appropriately assess the removal of 
microorganisms less than 1 µm.    
 
Rates:  A 680 m3/hr (3000 gpm) capacity with 100% recycle circular DAF system requires 
17m (56-ft) diameter or 229 m2 (2,463 ft2) of space with maximum hydraulic loading rate of 
102 L/min-m2 (2.5 gpm/ft2) and maximum solids loading rate of 12 kg/hr-m2 (2.5 lbs/hr-ft2).  
Alternatively, two rectangular units with dimensions of 6x18 m (20 ft wide x 60 ft long) can 
achieve the same capacity (Westech Inc. 2002).  This information is based on a standard 
system design.  Therefore, design may vary for actual application on ship.   
 
Safety and Environment:  Considered safe for the ship and crew.   
 
Capital Costs:  A preliminary cost estimate of a 680 m3/hr (3000-gpm) unit is 
approximately 200,000 USD (Westech Inc. 2002).  Other vendors estimated the cost of the 
1,000 m3/hr (4,500 gpm) between 600,000 to 700,000 USD (Krofta Technologies Corp. 
2002).  A 273 m3/hr (1,200 gpm) with recycle option would cost about 133,300 USD (Pan 
America Environmental 2002). 
 
O & M:  At a flow rate of 3000 gpm with a 3000 gpm recycle unit provided by Westech 
Inc., a center shaft drive (1 HP or 0.8 kW/hr), recycle pump (200 HP or 150 kW/hr), and 
rotary screw air compressor (50 HP or 50 kW/hr) are needed.   A system consisted of 
chemical reaction and flocculation DAF system with capacity ranging from 0.3 to 1.5 m3/hr 
(1.5 to 6.5 gpm) has a cost of 3,080 USD/month or 36,960 USD/yr (Battelle 1997).   
 
Residuals:  No toxic residuals are released.  Removed organisms/solids from DAF can be 
concentrated (dewatered) and stored on board ship in a small volume.  The material can then 
be disposed at a suitable shore-based facility.  
 
Conclusion and Recommendation:  Although size may be a disadvantage factor, DAF has 
good potential for vessel-based application and has excellent port-based potential.  A 
disinfection process should follow the DAF operation.   
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2.4.5 Filtration (depth) 
Description:  Depth filtration occurs where the ratio of filter media and particle (dm/dp) is 
20 > dm/dp > 10.  Smaller particles entering the media are mechanically removed by 
straining in smaller pore spaces (McDowell-Boyer et al 1986). Filtration has been widely 
used in water and wastewater treatment for the removal of solids and organisms, and for the 
clarification of water prior to disinfection (Metcalf and Eddy 1991).  Filtration media such 
as sand is commonly applied.  Currently, there is no known application of depth filtration for 
vessel-based treatment. 
 
Advantages:  Depth filtration is capable of removing all organisms larger than 5 to 10 µm 
as well as most of the sediments found in ballast tank (NRC 1996).  Deep media filters 
generally are more reliable and effective than mesh strainers (NRC 1996).   Furthermore, 
filtration systems can operate effectively regardless of when ballast water is loaded (NRC 
1996).  Therefore, the treated ballast water can be discharged at any time in any location, for 
vessel-based applications. 
 
Disadvantages:  An assessment for the Australian Quarantine and Inspection Service (1993) 
found that depth filtration is capable of removing the majority of organisms in ballast water 
but the significant size of the system prohibits implementation on vessels.  For example, a 
rapid sand filter of 5 to 30 m/hr (16 to 98 ft/hr) would require surface area of 33 to 200 m2 
(355 to 2,153 ft2) for 1,000 MT/hr (4,403 gpm) of ballast water (Oemcke 1999).  Media-
filtration would require the use of coagulant (such as iron salts or alum), which may cause 
the pH of the water to fluctuate, thereby requiring further treatment to restore to the original 
pH level prior to discharge into the receiving environment (Greenman et al 1997).   
 
Rates:  Filter size and surface loading rates of ballast water generally are not a major issue 
for shore-based application.  Backwash process cycles are time consuming.  However, 
automatic backwash filtration can overcome this issue to provide continuous flow.  A typical 
pressure filter with flux of 24 m3/hr-m2 would require 200 m2 (area) by 2 m (deep) for 
ballast flow of 5,000 m3/hr (NRC 1996).  
 
Safety and Environment:  Considered safe for the ship and crew. 
 
Capital Costs:  A continuous backwash filtration system, as part of the ballast water 
treatment plant proposed for the California ports range from 243,000 to 435,000 USD (URS 
and Dames & Moore 2000).  The treatment plant capacity of these ports range from 0.16 to 
158 m3/day (0.001 to 1.0 MGD).   
 
O & M:  For application of depth filtration as part of port-based systems in California ports, 
O&M costs range from 142,000 to 223,000 USD annually (URS and Dames & Moore 
2000). 
 
Residuals:  No toxic residuals are released.  Filtered materials can be stored on board and 
properly discharged at the shore-based facilities or discharged into the open ocean. 
 
Conclusion and Recommendation: Although this method is effective in removing most 
organisms, it may not be feasible for vessel-based application because of large surface area 
requirements but suitable option for port-based application.   
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2.4.6 Filtration (surficial straining) 
Description:  Surficial straining filtration device is quite common in the shipping industry.  
This process occurs where the dm/dp is less than 10.  Particles and particle aggregates size 
larger than media will form a filter cake or surface mat above the media (McDowell-Boyer 
et al 1986).  For initial treatment most vessels direct their ballast water intake through 
strainer opening of 10-15 mm (0.4-0.6 inches), but fouling and corrosion can significantly 
change this pore size (AQIS 1993, Carlton et al 1995).  More advanced strainers with 
smaller openings (25, 40, and 50 µm) have been investigated for vessel-based application.     
 
Advantages:  Results from the Great Lakes Ballast Technology Demonstration Project 
(GLBTDP) determined that using an 40 µm automatic backflush screen filter (ABSF) can 
substantially reduced live zooplankton and some forms of phytoplankton (Cangelosi et al 
2001).  Reports by Rigby and Taylor (2001) showed that by using an improved version of 
ABSF, separation efficiencies (overall particle count) varying between 82% to 95% (50 µm) 
and 74% to 94% (25 µm) have been achieved.  
 
Disadvantages:  The selected 40 µm ABSF reduces culturable bacteria by only 50 percent 
(Cangelosi et al 2001).  Rigby and Taylor (2001) suggested that their filter screen is likely to 
be ineffective for sperm cells of Undaria pinnatifida.   
 
Rates:  The GLBTDP conducted treatment operations on a stationary barge-based 
experimental platform at a flow rate of 340 m3/hr (8.92x104 gallons/hr) with relatively small 
equipment size of the ABSF (1.45 m long and 0.94 m in diameter cylindrical steel housing 
containing a 0.76 m diameter removable filter element and a backflushing system) 
(Cangelosi et al 2001).  
 
Safety and Environment:  Considered safe for the ship and crew. 
 
Capital Costs:  No cost information has been available from Cangelosi et al (2001).  Capital 
costs have been reported to range from 0.06-0.17 USD/m3 (0.11-0.32 AUD/m3) by Rigby 
and Taylor (2001).   
 
O & M:  Reported cost is about 0.0016-0.0049 USD/m3 (0.0030-0.0090 AUD/m3) (Rigby 
and Taylor 2001). 
 
Residuals:  No toxic residuals are released.  Filtered materials can be stored on board and 
properly discharged at the shore-based facilities or discharged into the open ocean. 
 
Conclusion and Recommendation:  Surficial straining filtration is one of the ballast water 
treatment methods recommended by the National Research Council (NRC 1996).  In 1998, 
Parsons and Harkins (2000) demonstrated that a 50-µm ABSF was suitable for some 
shipboard applications in particular.  However, this needs to be coupled with secondary 
treatment, particularly disinfection.  Mesh strainers are readily applicable to vessel-based 
treatment while depth filters are more applicable to port-based treatment.   
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2.4.7 Hydrocyclone (Cyclonic Separation)  
Description:  The system uses both the gravitational and centrifugal force and induced 
velocities to separate fine particles/solids from liquid phase (Metcalf and Eddy 1991).  
 
Advantages:  The system can effectively remove particle with density greater than or equal 
to water.  In the case of biological particles with densities close to that of water, 
hydrocyclone can be a suitable option (Oemcke 1999).   
 
Disadvantages:  In practice, many organisms have specific gravities close to that of water.  
Hydrocyclone is not effective to separate organisms with specific gravity less than water 
(AQIS 1993).  Results from Cangelosi et al (2001) indicate that cyclonic separation alone 
does not reduce phytoplankton and bacteria, and only slightly reduces live zooplankton 
density after a delayed period. This may be due to densities of most phytoplankton and 
bacteria are less than that of water.  Using a prototype with nominal capacity of 100 m3/hr, 
Artemia cysts and nauplius-larvae were removed by 13.7% and 8.3% efficiency, respectively 
(Jelmert 1999, Rigby and Taylor 2001).  This is followed by 10-30% removal efficiency of 
dinoflagellate, Prrocentrum minimum, and green algae Tetraselmis sp.   
 
Rates:  Flow rate of 340 m3/hr with size of 3.3 m long and maximum diameter of 1 m for 
barge-based platform has been tested by Cangelosi et al (2001).  A hydrocyclone combined 
with ultra-violet radiation (UV) unit developed by OptiMarin installed on M/V Regal 
Princess has the capacity of 150 to 200 m3/hr (Rigby and Taylor 2001).   
 
Safety and Environment:  Considered safe for the ship and crew.   
 
Capital Costs:  Rigby and Taylor (2001) reported capital cost to range from 0.06-0.25 
USD/m3 (0.10-0.44 AUD/m3) for the Cape Size Bulk Carrier, LNG Carrier, and Container 
Vessel with ballast capacity ranging from 1,000 to 55,000 m3.   
 
O & M:  Rigby and Taylor (2001) reported operating cost to range from 0.0011-0.0037 
USD/m3 (0.0020-0.0065 AUD/m3).   
 
Residuals:  Since hydrocyclone is a separation process, no chemical residuals are produced.   
Removed materials can be stored on board and properly discharged at the shore-based 
facility or discharged into the open ocean. 
 
Conclusion and Recommendation: Cyclonic separation is not recommended for its 
inefficiency in removing majority of organisms found in ballast water.  Combination with 
secondary treatment is needed.  Removal efficiency has been reported to be less than 80%.  
This method is not listed as one of the potential mechanisms of ballast water treatment 
(NRC 1996). 
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2.4.8 Ultra-Violet (UV) Radiation  
Description:  UV radiation has a wavelength of around 254 nm that penetrates the cell wall 
of the microorganism and is absorbed by cellular materials including DNA and RNA, 
preventing replication or causing death (Metcalf and Eddy 1991).  Factors governing the 
performance of UV system are water clarity (i.e. turbidity), exposure period, and radiation 
energy (Buchholz et al 1998).   
 
Advantages:  UV has proven effective against all biotic groupings tested, and with 
improved design and increased dosage, could substantially reduce levels of zooplankton, 
phytoplankton and bacteria in ballast water (Cangelosi et al 2001).  In addition, Laughton et 
al (1992) found that UV is effective against viruses.   
 
Disadvantages:  Any suspended particles present will absorb the UV energy instead of the 
target microorganisms.  Color, turbidity, organics, and iron salts can reduce the UV 
efficiency (Laughton et al 1992).  UV can cause genetic mutation in microorganisms that 
may survive the treatment process but the possibility of mutation is low (Buchholz et al 
1998).  Only partial success has been reported with zooplankton inactivation reported by 
Rigby and Taylor (2001).    
 
Rates:  Buchholz et al (1998) showed that to increase removal efficiency from 90% (1 log) 
to 99% (2 log) for selected organisms (bacteria, viruses, protozoan, and algae), a 50-200% 
power increases is required.  Energy requirement ranges from 3-25 kW/hr. 
 
Safety and Environment:  The UV system suggested by Buchholz et al (1998) requires a 
high voltage of 440V.  However, this should not be a concern since the vessel’s machinery 
runs on high voltage.  Safety concern to the crew might be compromised if the UV lamp 
containing mercury is broken (Buchholz et al 1998).   
 
Capital Costs:  0.09-0.30 USD/m3 (0.16-0.52 AUD/m3) has been reported by Rigby and 
Taylor (2001).  Flow rate capacity of 273 m3/hr (1,200 gpm) ranges from 10,200-102,000 
USD and 1,817 m3/hr (8,000 gpm) ranges from 25,000-545,000 USD (Buchholz et al 1998).   
 
O & M:  Rigby and Taylor (2001) estimated operating cost to range from 0.0003-0.0005 
USD/m3 (0.0006-0.0008 AUD/m3).  Buchholz et al (1998) estimated cost to be 2,200-11,000 
USD/year for the 273 m3/hr (1,200 gpm) and 1,817 m3/hr (8,000 gpm) systems, respectively.  
 
Residuals:  UV produces no toxic residuals.  Filtered materials can be stored on board and 
properly discharged at the shore-based facilities or into the open ocean. 
 
Conclusion and Recommendation:  UV has great potential as a secondary treatment for 
vessel-based and shore-based application.  Substantial removal efficiency can be achieved 
when combined with prefiltration process (Oemcke 1999, Rigby and Taylor 2001, Buchholz 
1998).   
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2.4.9 Heat or Thermal  
Description:  Temperature increases will cause organism mortality due to either denaturing 
of cellular proteins or increasing the organism’s metabolism beyond sustainable levels to 
which the temperature is raised or above the organism’s thermal-threshold level (Buchholz 
1998).  Most organisms can be destroyed at temperatures in the range of 35-45oC (95-113oF) 
with exposure times ranging from a few minutes to 12 hours (NRC 1996). 
 
Advantages:  Waste heat from a vessel’s engine can be harnessed and recycled to heat 
ballast water, cutting treatment cost. In terms of biological effectiveness, it was found that 
Gymnodinium catenatum cysts (red tide dinoflagellate) exposed to 45oC (113oF) have zero 
percent germination or 100 percent mortality (Bolch and Hallegraeff 1993).  In addition, 
temperature of 38-40oC and 44.5-46.3oC require 120 and 30 sec to achieve the same 
efficiency, respectively (Bolch and Hallegraeff 1993).  
 
Disadvantages:  Waste heat can be obtained only during transit, because the vessel’s main 
engine is typically not in operation during ballast or deballasting (Rigby and Taylor 2001).  
This method would prohibit implementation on vessel with relatively short voyages.  
Temperatures exceeding 45oC are required for the destruction of most pathogens including 
human pathogens (Oemcke 1999).  Increasing temperature to the destruction level would be 
expensive considering the large volume of ballast water.  This is less feasible for vessel 
navigating through cold waters due to additional heat loss (Pacific Ballast Water Group 
1999).   
 
Rates:  Most phytoplankton algae in the vegetative stage could be killed at temperatures as 
low as 35oC for an exposure time between 30 minutes to several hours (Rigby and Taylor 
2001).  Buchholz et al (1998) found that boiler size might be significant and impractical for 
required scale up to higher flow rates. 
 
Safety and Environment:  While little training is required and the vessel’s engineer can 
maintain the heating system, hot-water hazard needs to be considered (Buchholz et al 1998).   
 
Capital Costs:  Buchholz et al (1998) found that the cost associated with a boiler’s capacity 
of 273-1,817 m3/hr (1,200-8,000 gpm) to be 60,000-200,000 USD.   Rigby and Taylor 
(2001) estimated capital costs to be 0.005-0.038 USD/m3 (0.009-0.066 AUD/m3) based on 
Iron Whyalla design (ballast water volume of 55,000 m3). 
 
O & M:  Rigby and Taylor (2001) estimated the costs range from 0.014-0.027 USD/m3 
(0.025-0.047 AUD/m3).  O&M costs were not available from Buchholz et al (1998) 
research. 
 
Residuals:  No toxic chemical residuals produced.  Dead organisms need to be filtered out 
after treatment (NRC 1996).  Discharge by vessels cause minimal impacts in terms of 
thermal pollution (NRC 1996).  
 
Conclusion and Recommendation:  Heat treatment is an effective method but it has 
limited flexibility.  Such treatment is suitable for warm temperature shipping routes. 
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2.4.10 Chlorine 
Description:  Chlorine (hypochlorous acid, a strong oxidizing agent) has been effectively 
applied in the water and wastewater industries for disinfection purposes.  It has also been 
utilized in the control of zebra mussels within water intake pipes.  The mechanism of 
chlorine toxicity can be due destruction of the respiratory membrane by oxidation, resulting 
in anoxia and suffocation of organisms (Claudi and Mackie 1994). 
 
Advantages:  Characteristics of chlorine to decay with time and distance make it a useful 
option for disinfection.  Chlorine is commonly used because of low dosages requirement and 
relative economy for application on water and wastewater industries.   
 
Disadvantages:  Significant concentrations are needed for Gymnodinium catenatum cyst 
with 100% inactivation at 500 ppm and 90% at 100 ppm (Bolch and Hallegraeff 1993).  In 
addition, bacteria spores, mycobacteria, and protozoa require high concentration of chlorine 
(Rigby and Taylor 2001).  As seen in water and wastewater industry, free and combined 
residuals of chlorine need to be dechlorinated before discharge (Metcalf and Eddy 1991).   
Chlorine can be corrosive to ballast piping system as well as to the ballast tanks.  Toxic 
byproduct such as trihalomethanes can be produced (Greenman et al 1997).  Reaction of 
chlorine with seawater can generate toxic compounds (byproducts) due to the oxidation of 
halogens (Cl -, Br -, I -) (NRC 1996).  
 
Rates: 100% mortality of zebra mussel veligers was achieved after 2 hours with 
concentrations ≥ 0.5 mg/L (Klerks et al 1992).  According to National Research Council 
(1996), effective biocide concentrations are typically in the range 1 to 5 mg/L (ppm) 
although the exact concentrations for specific organisms need to be determined.    
 
Safety and Environment:  Chlorine is hazardous to crew if not handled properly.  Spillage 
of chlorine is undesirable.  This is especially critical during a vessel’s transoceanic journey.  
In the Great Lakes, discharge of chlorine is highly regulated (Laughton et al 1992). 
 
Capital Costs:  For a 68 ML/d (18 MGD) capacity raw water facility using sodium 
hypochlorite, estimated costs are about 480,165 USD (LePage 1994).  The associated 
chemical dosage was applied at 2.10 mg/L. 
 
O & M:  Assuming a free chlorine concentration of 500 ppm, 50,000 MT of ballast water 
tank require 400 MT of an industrial solution of 12.5% sodium hypochlorite at a cost of 
116,667 USD (200,000 AUD) (Rigby et al 1993).  LePage 1994 estimated operating cost of 
32,540 USD or 10 USD per million gallons for operating an 18 MGD capacity raw water 
facility excluding labor.  
 
Residuals:  As mentioned before, dechlorination is needed before discharging treated ballast 
water into the receiving environment.  This will require additional equipment and cost for 
vessel owners and operators.  
 
Conclusion and Recommendation: With the safety concern faced by the ship and crew, 
chlorination may be a challenge for vessel-based treatment. However, chlorination is an 
excellent choice for port-based application.  
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2.4.11 Ozonation  
Description:  Ozone (O3) is an extremely reactive oxidant, causing mortality in bacteria 
through cell wall disintegration (cell lysis) (Metcalf and Eddy 1991).  According to 
Buchholz et al (1998), ozone has been used for the control of microbial contamination in the 
aquaculture and power-plant cooling systems industries since the 1970s. Ozone is 
considered as one of the most effective disinfectants for controlling Cryptosporidium 
parvum (can cause acute diarrhea illness) (Li et al 2001). 
 
Advantages:  Compared to chlorination, ozone requires no chemical feed and can be 
generated on-site.  Treated effluent requires no additional treatment such as dechlorination 
due to the rapid decomposition of ozone (Metcalf and Eddy 1991).   
 
Disadvantages:  Ozone is highly unstable and must be generated on-site, requiring a higher 
energy demand from the vessel.  Ozone may become toxic at high concentration and is 
highly corrosive to some alloys and deterioration of vessel seals (NRC 1996).  Ozone 
disinfection may not be useful against Gymnodinium catenatum hypnocysts (Oemcke and 
van Leeuwen 1998).  Pre and post filtration can eliminate this problem.   
 
Rates:  In transit treatment at flow rates of 4,000 m3/hr for a 100,000 DWT bulk carrier with 
treatment time from 24 to 96 hours have been tested by Oemcke and van Leeuwen 1998.  
These researchers achieved 4 log reduction of Bacillus subtilis spores (pH of 7) with contact 
time of 24 hours at 11 mg/L dosage, 6 hours with 14 mg/L dosage, or 2 hours with 16 mg/L 
dosage.  For the Amphidinium sp., 4 log reduction required a CT value of 200 to 1,040 mg-
min/L.      
 
Safety and Environment:  At high concentration, crew safety may be at risk.  Crew 
exposure to ozone may irritate eyes and upper respiratory systems (Anderson et al 2001). 
 
Capital Costs:  Research from Oemcke and van Leeuwen (1998) estimated that the capital 
costs (1996 USD) for shipboard ozone plants range between 400,000 USD [1,000-m3/hr 
(4,400-gpm) plant producing 5-mg/L ozone] and 20x106 USD [4,000-m3/hr (17,600-gpm) 
plant producing 25-mg/L ozone] while additional capital expenditures are required for 
associated pretreatment filtration (Buchholz et al 1998).   
 
O & M:  In 1988 price index, for the Metropolitan Water District of Southern California, 
the energy, labor costs were 0.08 USD/kWh and 20 USD/hr, respectively (Langlais et al 
1991).  The corresponding ozone production was 1.07 USD/lb of O3 (assuming the plant is 
capable of producing 46.3 kg O3/hr (2,450 lb O3/day).  
 
Residuals:  Ozone mainly oxidizes with bromide (high concentration in seawater) to form 
bromine while reacting with ammonia to form bromamine (Oemcke and van Leeuwen 
1998).  Bromamine is another strong oxidant agent and a good disinfectant (Oemcke and 
van Leeuwen 1998). 
 
Conclusion and Recommendation:  Although ozonation has potential for shipboard 
application, the capital costs may be relatively expensive for the vessel owners.  Application 
for port-based treatment has potential although issues of byproduct formation from ozone 
must be addressed.   
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2.4.12 Pulse (Electric and Plasma)  
Description:  Electric and plasma pulses have been tested as a mean of controlling 
biofouling organisms such zebra mussel within water intake pipes and at shored-based 
facilities (NRC 1996, Smythe and Dardeau 1999, Mackie et al 2000).   For the electric pulse 
method, water is passed between two metal electrodes and subjected to high intensity 
electric fields for a short duration (microseconds).  In the plasma pulse method, the system 
delivers high energy pulses to an in-water arc mechanism, generating a plasma arc that 
promotes pyrolytic, hydroxyl radical, free electron and ultraviolet reactions to efficiently 
destroy organisms.  To date, these technologies have not been tested for onboard treatment. 
  
Advantages:  A 95 to 99.9% efficiencies of sterilization using electric pulse has been 
reported for brine shrimp treatment (NRC 1996).  Smythe et al (1995) observed that electric 
pulse with relatively low-voltage achieved 78 to 88% reduction in biofouling prevention of 
zebra mussel.   
 
Disadvantages:  Presence of suspended sediments will reduce the effectiveness of the 
plasma pulse system (NRC 1996). Actual efficiencies onboard vessels requiring 
significantly higher flow rates such as 1,000 m3/hr is not known.  Scale up may be an issue 
for the electric pulse system while plasma pulse system has not been used extensively in the 
marine industry (NRC 1996).   
 
Rates:  Experimental results have shown that brine shrimp can be destroyed at 1 J/cm3 for 
pulse duration of 3x10-5 second (NRC 1996).   Estimated energy requirement for a 2,000 
m3/hr flow rates with a tank volume of 25,000 m3 and a residence time of 24 hours is about 
600 kW (NRC 1996).  Typical power requirement for the pulse plasma system ranges from 
25 to 50 kW (NRC 1996).  Currently, the plasma pulse system is still at the exploratory 
development stage (NRC 1996). 
 
Safety and Environment:  There has been concern that pulse power systems might cause 
structural damage to pipes (Smythe and Dardeau 1999).   
 
Capital Costs:  Estimated cost for an electric pulse system is about 350,000 USD per 
25,000 m3 of water while plasma pulse system range from 100,000 to 200,000 USD, 
exclusive of installation (NRC 1996).  Capacity of the pulse plasma system is not provided 
by NRC (1996) and the flow rates are typically lower than ballast water flow rates.   
 
O & M:  For the electric pulse operation, treatment cost is approximately 360 USD per 
25,000 m3 of water (0.014 USD/m3) while 150 USD/hr is approximated for the plasma pulse 
system, this include electrode replacement but excluding the cost of electrical power (NRC 
1996).   
 
Residuals:  No toxic chemical residuals produced.  However, plasma pulse system can emit 
gaseous products including carbon dioxide (NRC 1996).  
 
Conclusion and Recommendation: While both technologies are still in the developing 
phases, more research should be done to access their effectiveness.  No research has tested 
representative ranges of species found in ballast water.  Therefore, information is 
insufficient.   
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2.4.13 Ultrasonic  
Description:  This system uses high frequency energy to cause vibration in liquids, which 
significantly changes the liquid’s physical or chemical properties. These changes resulted in 
cavitation defined as the formation and collapse of microscopic gas bubbles in liquid as the 
molecules in the liquid absorb ultrasonic energy (Buchholz et al 1998).  As a result, cell 
membranes and organisms are literally ruptured from the intense energy created (Buchholz 
et al 1998).  Typically, a transducer is used to convert mechanical or electrical energy into 
high frequency acoustical (sound) energy.   
 
Advantages:  No chemicals needed.  Ultrasonic treatment is capable of destroying 
microorganisms at frequencies between 15 to 100 kHz (NRC 1996).   
 
Disadvantages:  Impacts on higher organisms such as zebra mussel veligers were 
inconsistent for flow rates between 50 and 500 gpm (NRC 1996).  On the contrary, the 
vendor, Innovative Environmental Solutions, Inc. (IES), claimed that they achieved 100% 
mortality on zebra mussel veligers, 7 log reduction in poliovirus, 100% inactivation of 
Heliminth ova (Ascaris), and 6-7 log reduction in Cryptosporidium parvum for their 
ultrasonic system (Buchholz et al 1998).  Currently, this technology is designed for 
operating at low flow rates (60-100 gpm).  Therefore, scale up design for typical ballast 
water flow rates requires investigation (NRC 1996, Buchholz 1998).   
 
Rates:  For the case of zebra mussel veligers, the kill rate can approach 100% treatment 
times of 12 minutes or longer (NRC 1996).  Such an increase in treatment time might be 
prohibitive for vessel-based application as prolonged vibration may cause damages to the 
ballast tanks and piping systems.  The High Power Ultrasonic Process (HPUP) consists of 
six 23 m3/hr (100 gpm) cylinders configuration to provide flow rates of 136 m3/hr (600 gpm) 
(Buchholz et al 1998).  This system has the capability to operate up to 12,000 hours.  
 
Safety and Environment:  Relatively little training and maintenance are needed while the 
system is relatively safe to the crew. 
 
Capital Costs:  From Buchholz et al (1998), a 136 m3/hr (600 gpm) system with a 
combination of six 100 gpm treatment-chambers is estimated to be 250,000 USD.   
 
O & M:  From the same system, power consumption range from 605-18,144 USD/month 
for combined flow rates range from 227-6,814 m3/hr (1,000-30,000 gpm) (Buchholz et al 
1998). 
 
Residuals:  No toxic residuals produced. 
 
Conclusion and Recommendation: Although preliminary results are encouraging, more 
extensive research is needed to test for wide ranges of species found in ballast water.  
 47 
 
2.4.14 Deoxygenation  
Description:  Oxygen found in ballast tank is removed by purging with an inert gas such as 
nitrogen or through oxygen demanding substances.  Removal of oxygen will kill aerobic 
organisms but not anaerobic or all facultative organisms. 
 
Advantages:  Research conducted by Tamburri et al (2001) found that significant level of 
mortality could be generated for invasive invertebrates species: Ficopomatus enigmaticus 
(polychaete), Dreissena polymorpha (zebra mussel), and Carninus meanas (green crab).  In 
addition, this method also reduces rusting rates up to 10% in untreated ballast tank, which 
might bring significant saving in corrosion prevention for ship owners.   
 
Disadvantages:  It is ineffective against anaerobic bacteria, cyst and spore stages, including 
dinoflagellate cysts (NRC 1996).  Possible formations of hydrogen sulfide (H2S) and other 
reduced sulphur compounds may be corrosive to the pipes and tanks (Gollasch 1997).  
However, Tamburri et al (2002) found no obvious microbial production of hydrogen sulfide 
in the treated ballast tank. 
 
Rates:  Low level of oxygen at < 0.8 mg/L has been tested on laboratory scale by Tamburri 
et al 2002.  The percent mortality of F. enigmaticus and C. meanas was recorded after 48 
hours while it required 72 hours for the D. polymorpha larvae (more resistance to low 
oxygen level).   Tamburri et al (2002) found 79% and 97% mortality rates for F. 
enigmaticus and C. meanas, respectively.  Mortality rates of D. polymorpha reached 82%.   
 
Safety and Environment:  This method is considered safe to the ship and crew with proper 
equipment and training.  Furthermore, applications of nitrogen gas is relatively benign when 
discharged (Tamburri et al 2001). 
 
Capital Costs:  Information of capital cost for deoxygenation is not available.  However, it 
is estimated that nearly 70,000 USD per year can be saved for each ship when compared to 
the painting technologies currently available (Tamburri et al 2002).  On the other hand, 
Mountfort et al (1999) estimated the cost to be > 373,268 USD (800,000 New Zealand 
dollars NZD) per treatment of 104 m3 of ballast water with nitrogen as deoxgenation method 
with no consideration to corrosion prevention. (Exchange rates of NZD is at 1 USD = 2.14 
NZD) 
 
O & M:  100,000 to 200,000 USD per year has been estimated based on a 150,000 ton 
coal/ore carrier (Tamburri et al 2002).  
 
Residuals:  No toxic residual are produced as a result of this method.  Since Tamburri et al 
(2002) found no possible formation of hydrogen sulfide, odor is not a major concern.   
 
Conclusion and Recommendation: Although deoxygenation method can potential reduce 
some of the recognized invasive species and bring potential savings for ship owners, it is not 
recommended for its inefficiency against anaerobic organisms.   
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2.4.15 Magnetic Fields 
Description:  Magnetic field treatments have been tested as a mean of controlling 
biofouling organisms such as zebra mussel (Smythe et al 1997, Barnes et al 1999).  It is 
believed that magnetic can alter the formation of calcium carbonate crystal formation.  
These changes can affect the shell formation, cell membrane function, muscular contraction, 
and ciliary contraction in zebra mussels (Barnes et al 1999).  This method has been applied 
at industrial sites to control or reduce scale, which is considered to have negative impact on 
piping (Smythe et al 1997).  Scale formation is caused by crystallization of calcium, sulfur, 
and/or iron compounds commonly found in industrial heat exchange processes.   
 
Advantages:  Magnetic effects dissipate instantaneously after treatment.  This method 
required no chemical addition and appeared to be easy to installed (Smythe et al 1997).  
Magnetically treated water has been found to cause more mortality rates in zebra mussel 
compared to untreated water (control) (Barnes et al 1999).  The corresponding mortality 
rates for the control and treated zebra mussels were 47% and 73%, respectively.  For the 
zebra mussel settlement, 53% was achieved reduction compared to the control sample. 
 
Disadvantages:  Compared with findings from Barnes et al (1999), results by Smythe et al 
(1997) found that the magnetic device (magnetic plates) tested had no gross impact on the 
short-term behavior of the zebra mussel veliger in the early life stages.  The mortality rates 
were less than 30%.  Smythe et al (1997) also suggested that magnetic field had no gross 
impact on the settlement (biofouling) behavior of the plantigrade mussel.  Magnetic field 
effects on marine microorganisms and vertebrates are unknown and not tested on saltwater 
(NRC 1996). 
 
Rates:  Smythe et al (1997) tested a magnetic device at a pilot scale of treating 
approximately 12 m3/hr (50 gpm) continuously flow to the system with the magnetic field 
strength of 6,000 G (Gauss).  A 363 m3/hr (1,600 gpm) system has been tested by Barnes et 
al (1999). 
 
Safety and Environment:  Considered safe for the ship and crew.   
 
Capital Costs:  For the 12 m3/hr capacity system (pilot scale), the capital cost was less than 
10,000 USD (Smythe et al 1997).   
 
O & M:  No information available. 
 
Residuals:  No toxic residuals are found as a result of this method and the magnetic effects 
dissipate rapidly after treatment. 
 
Conclusion and Recommendation: More research is needed to further evaluate the 
effectiveness, feasibility, and applicability of this system.  At this time, this method is not 
recommended. 
 
 49 
 
2.4.16 Overall Costs of Ballast Water Control Options 
 
Method Capital Costs O&M Costs
Ballast Water Exchange 21,540 - 89,947 USD 0.014 - 0.020 USD/m3
(BWE) (up to 55,000 m3)
Dissolved Air Flotation 133,000 - 700,000 USD 36,960 USD/yr
(DAF) (273 - 1,000 m3/hr) (0.3 - 1.5 m3/hr)
Filtration
 - Depth 243,000 - 435,000 USD 142,000 - 223,000 USD
(0.16 - 158 m3/day)
 - Surficial Straining 0.06 - 0.17 USD/m3 0.0016 - 0.0049 USD/m3
Hydrocyclone 0.06 - 0.25 USD/m3 0.0011 - 0.0037 USD/m3
(Cyclonic Separation) 1,000 - 55,000 m3
Ultra-Violet (UV) 10,200 - 545,000 USD 2,200 - 11,000 USD/yr
Radiation (273 - 1,817 m3/hr)
Heat or Thermal 0.005 - 0.038 USD/m3 0.014 - 0.027 USD/m3
Chlorine 480,165 USD (68 ML/day) 32,540 USD (3,785 m3)
116,667 USD (50,000 m3)
Ozonation 400,000 - 20x106 USD 0.08 USD/kWh, 20 USD/hr, 
(1,000 - 4,000 m3/hr) 1.07 USD/lb of O3
(Energy, labor, O3 production)
Pulse
 - Electric 350,000 USD (25,000 m3) 360 USD (25,000 m3)
 - Plasma 100,000 - 200,000 USD* 150 USD/hr
Ultrasonic 250,000 USD (136 m3/hr) 7,260 - 217,700 USD/yr
Deoxgenation 373,268 USD (10,000 m3) 100,000 - 200,000 USD/yr
(Oxygen Deprivation) (150,000 ton capacity carrier)
Magnetic Fields < 10,000 USD (pilot scale) n/a
(12 m3/hr)
*: capacity not available; n/a: not available
Summary of Ballast Water Control Costs (USD)
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2.5 CONCLUSIONS 
The introduction of ANS transported in shipping ballast water has caused significant 
economical and ecological impacts across the world.  Currently, BWE is considered to be 
the default method to prevent and control the introduction of ANS.  However, due to 
limitations of BWE, unintentional introduction of ANS may still occur.  Therefore, a series 
of control options are likely to develop in the near future.  This study presented several 
potential control options for port-based and vessel-based applications.  Vessel-based 
treatment will probably be the preferential choice for the shipping industry at least in the 
near future.  These controlling options include BWE, dissolved air flotation (DAF), 
filtration, cyclonic separation, ultra-violet radiation, thermal, chlorination, ozone, ultrasonic, 
deoxygenation, and magnetic field treatments.  No single treatment is applicable to all 
vessels due to space requirement, costs, and effectiveness of each treatment.  Limited space 
(for retrofitting) and significantly large flow rates of vessels would require modification of 
the existing commercial treatment options (National Research Council 1996).  Among the 
potential options evaluated based on their effectiveness, filtration and DAF have the best 
potential as separation technologies.  Media filtration can effectively remove particle larger 
than 5 to 10 µm while screen filtration with screen size of 50 and 40 µm have achieved 
significant removal efficiency.  The space requirement of media filtration (> 200 m2 or 
2,153 ft2) might preclude their implementation for vessel-based systems.  The same space 
requirement may be an issue for the flotation tank of DAF unless combined within a ballast 
tank.  Straining filtration is more suitable for vessel-based application due to its small 
equipment size.  Bench scale results of DAF using a saltwater matrix (organic aquaculture 
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sludge) achieved particle removal efficiency as high as 99% and 85% for the freshwater 
matrix (organic aquaculture sludge), respectively.  For port-based application, media 
filtration and DAF can be designed to optimize capacity and treatment.  Cyclonic separation 
method is not recommended because of its ineffectiveness in removing the majority of 
organisms found in ballast water.   Heat treatment is capable of treating dinoflagellate cysts, 
indicating that most organisms in ballast water will be destroyed.  However, heat treatment 
may not be a feasible choice for cold temperature shipping routes due to preexisting high 
heating cost.   For disinfection control options, UV radiation is the most applicable method 
although its effectiveness is greatly depending on the clarity of the water.  Therefore, a 
combination of separation processes (filtration or DAF) followed by UV will yield the 
highest results.  Biocides such as chlorine and ozone are effective disinfection methods. 
However, toxic byproduct such as trihalomethanes may prevent application of halogens 
onboard.  Releases of these harmful byproducts by vessels into the vicinity of ballast 
discharge can cause environmental concerns.  Highly corrosive characteristics of chlorine 
and ozone are not desirable for vessels’ ballast piping system.  Ultrasonic or acoustic 
technologies can be effective against zebra mussels veligers but it is only suitable for low 
flow rates until further investigation is accomplished.  Deoxgenation or oxygen-deprivation 
method has proven to be economically viable for ship owners in corrosion prevention of the 
ballast tanks.  However, this method may not effectively kill or inactivate the majority of 
organisms found in ballast water.  Pulse (electric and plasma) and magnetic field methods 
have been tested on zebra mussels.  Their effectiveness against majority organisms in ballast 
water is not known and subjected to more extensive research.   
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A standard of evaluating ballast water characteristics as well as a protocol for 
determining potential controlling options needs to be established internationally.  These 
characteristics will change according to shipping routes and varies from region to region.  
Such agreements would ensure a uniform implementation program and reduce economic 
disadvantages for ships worldwide.  All potential controlling options previously mentioned 
would impose a cost to the shipping industry.  As mentioned by Rigby and Taylor (2001), 
currently the shipping industry has generally accepted the costs of BWE as being 
reasonable, higher costs will have a direct impact on freight rates.  Therefore, vessels owners 
are unlikely to install any of the potential methods unless mandated to do so.   
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2.7 NOMENCLATURE 
ABSF    automatic backflush screen filter 
ANS   aquatic nuisance species 
AQIS   Australian Quarantine and Inspection Service 
AUD   Australian dollars (1 USD = 1.83 AUD) 
BWE    ballast water exchange 
Ca    outflow concentration (with bypass) 
Cao    inflow exchange biological organisms concentration 
Cas    ballast tank outflow concentration  
cc   cubic centimeter (cm3) 
Ce    final concentration after three volume exchanges 
Co     initial concentration of biological organisms 
CSTR    continuously stirred tank reactor 
DAF    dissolved air flotation  
dm/dp   ratio of filter media diameter over particle diameter 
DWT   dead weight tonnage 
EEZ    Exclusive Economic Zone 
EPA    Environmental Protection Agency 
G   Gauss 
GLBTDP   Great Lakes Ballast Technology Demonstration Project 
gpm   gallons per minute 
IMO   International Maritime Organization  
k    decay (-) or generation (+) coefficient. 
K    first order rate constant 
kW/hr   kilo-watts per hour 
LPOC   last port of call 
m3/hr   cubic meters per hour 
MARPOL 73/78  International Convention for the Prevention of Pollution from Ships, 
1973, and the Protocol of 1978 related thereto 
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MEPC   Marine Environment Protection Committee  
MGD    million gallons per day 
MSC    Marine Safety Committee 
MT   metric tons 
NANPCA  National Aquatic Nuisance and Prevention Control Act 
NBIC   National Ballast Information Clearinghouse  
NIS   nonindigenous invasive species 
NISA    National Invasive Species Act 
nm   nanometer, 10-9 m 
NOAA   National Oceanic and Atmospheric Administration 
NRC    National Research Council 
NZD   New Zealand dollars (1 USD = 2.14 NZD) 
O&M   operations and maintenance costs 
PFR    plug flow reactor 
ppm   parts per million 
ppt    parts per thousand  
Qb    bypass flow rate 
Qo    inflow rate or the total outflow rate where Qo = Qs + Qb  
Qs    flow rate through tank 
SSC    suspended solids concentrations 
t    time taken for exchange 
UNCED   United Nations Conference on Environment and Development  
USCG   U.S. Coast Guard  
USCOE   U.S. Army Corps of Engineers  
USD   U.S. dollars 
USEPA   U.S. Environmental Protection Agency  
UV   ultra-violet 
V    tank total volume where V = Vs + Vd,  
V   voltage (Volt) 
Vd    tank volume of dead space (no mixing occur) 
Vexchange  volume of ballast water exchange 
Voriginal   volume of ballast water tank 
Vs    tank volume with mixing 
WCBOP   West Coast Ballast Outreach Project 
α    effective tank volume where α = Vs/V 
β    degree of bypass where β = Qb/Qo,  
µm   micrometer (micron), 10-6 m 
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CHAPTER 3   USE OF DISSOLVED AIR FLOTATION FOR CONTROL OF 
NONINDIGINEOUS SPECIES IN BALLAST WATER 
 
3.1 INTRODUCTION 
Among all the potential ballast water treatments available, a physical operation 
known as dissolved air flotation (DAF) has the potential as a viable particle separation 
technology.  This research examines DAF as a particle separation technology across the 
typical gradation of particles encountered in ballast water.  DAF is a potential candidate for 
an effective separation of smaller, low density particles, and flocs from liquid phase and can 
operate at high surface loading rates.  Flotation was first developed about 1900 in the mining 
industry as a method to separate an ore into a concentrate.  In the past 30 years, DAF has 
been successfully applied to waste treatment to remove suspended solids, fibers, grease, oil, 
and biological solids from wastewater (Metcalf and Eddy 1991).  In South Africa and 
Scandinavia, DAF was first used for drinking water clarification in the 1960s (Edzwald 
1995).  Furthermore, flotation is mainly used for the treatment of nutrient-rich reservoir 
water that may contain heavy algal blooms and for low alkalinity, colored waters (Pontius 
1990).  Algal blooms are difficult to treat using sedimentation due to low particle density of 
algal particles.  Favorable results have been obtained especially with separation of oily 
waste and algae.  In the USA, DAF is extensively used for sludge thickening (Metcalf and 
Eddy 1991).  Other than DAF, alternative technologies that apply flotation principle include 
dispersed air froth flotation, dispersed air foam flotation (foam fractionation), and 
electrolytic flotation.   
Dissolved air flotation uses flotation characteristics to separate suspended inorganic, 
biological or organic particles from a liquid phase.  This is done by the addition of a gas 
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phase to the liquid phase, usually through the addition of air in the form of fine size bubbles 
to the liquid phase.  These fine size bubbles will then either adhere to or become enmeshed 
in the floc structure.  As a result, the bubble-solid complexes buoyancy is increased.  In 
other words, the bubble-solid complexes density is reduced.  These air-particle complexes 
will then rises to the liquid surface where it is skimmed off, and the clarified liquid is 
withdrawn from the bottom of the DAF system.  Experiments have shown that DAF 
clarification performed better than lamella plate sedimentation for the removal of common 
waterborne disease-causing organisms such as Giardia lamblia and Cryptosporidium 
(Edzwald et al 2000).  Giardia lamblia can cause mild to severe diarrhea, nausea, and 
indigestion while Cryptosporidium can cause diarrhea (Metcalf and Eddy 1991).   
Different technologies other than DAF have been explored as a mean to control 
invasive species transported in shipping ballast water.  These control options may be 
applicable as vessel-based or port-based treatment.  Some of these marine organisms may 
have low density and be relatively small, making them easy targets to be transported into the 
ballast tank.  Not all of the currently available technologies are capable of treating these 
organisms.  However, the capabilities of DAF in treating low-density particles have been 
proven effective.  Therefore, the potential of DAF as a control option for onboard and port-
based treatment should be investigated.  
Fine bubbles in the DAF system are created through saturating the liquid at high 
pressure of 414 to 689 kPa (60 to 100 psi) and then releasing the pressure to atmospheric 
pressure.  The sudden drop in pressure causes cavitations to occur and fine size bubbles are 
produced in large quantities.  Measurements of these bubble sizes in DAF indicate that they 
maintain a steady state size range of 10 to 100 µm (Takahashi et al 1979, Zabel 1984, De 
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Rijk et al 1994, Edzwald 1995).  The smaller the diameter size, the larger the air bubble 
counts per unit volume that can be expected.  Consequently, chances of the fine size bubbles 
to be in contact with the suspended particles are increased and result in higher removal 
efficiency.  Primary design variables for DAF design are surface loading rate, solids loading 
rate, applied-pressure, recycle ratio, air to solids ratio, liquid surface tension, temperature, 
residence time, and the addition of coagulants or surfactants.   
3.1.1 Objectives 
The primary objective of this study is to evaluate the potential of DAF as a ballast 
water control option to remove organisms or suspended particles in ballast tanks.  The DAF 
system was tested for its separation of particles/flocs in the range of 1 to 250 µm.  In 
practice, influent waste is mixed with a flocculant prior to DAF treatment.  However, in this 
research, influent sample receive no flocculant prior to DAF treatment.  Both freshwater (<1 
ppt salinity) and saltwater (>20 ppt salinity) ballast surrogates were synthesized from 
wastewater or aquaculture systems, standardized to a specific concentrations (suspended 
solids concentrations (SSC) and turbidity), and utilized in the test facility.  In addition, 
freshwater sediments and storm water are also utilized in the freshwater and saltwater 
matrices for comparison purposes.  Performances of DAF are based on particle removal 
efficiency (particle analysis), turbidity removal, and reduction of SSC.  The second objective 
of this study was to model the particle gradation with a two-parameter power law function 
based on particle counts.  The corresponding parameters such as applied pressure, recycle 
ratio, and hydraulic loading rates or surface overflow rates were analyzed for optimum 
performance. 
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3.2 BACKGROUND 
The schematic flow diagrams of a typical DAF system using a non-recycle and 
recycle system are shown in Figure 3.2.1.  Gas usually in the form of air is forced into the 
feed liquid at a pressure that ranges from 20 to 100 psi (pounds per square inches gage).  A 
pressure reducing valve is used to control the flow rate where a sudden drop in pressure will 
cause the formation of fine size air bubbles ranging from 10 to 100 µm.  These bubbles are 
mixed with the feed which is introduced into the flotation unit where the bubble-particle 
interactions take place.  With successful attachment of the gas bubbles and solids, bubble-
solid complexes will float to the top of flotation unit and skimmed off by a skimmer device.  
The fundamental principles of DAF are discussed below. 
3.2.1 Pressurized Bubbles-Particle/Floc Interactions 
The interaction of the pressurized bubbles and particles (or floc) can be described by 
three possible mechanisms (Kitchener and Gouchin 1981). First, the bubbles might be 
entrapped within the floc; second, the growth of bubble nuclei within the floc; and third, 
adhesion of pressurized bubbles to particle/floc during collision.  Each mechanism may be 
significant depending on the influent sample.  For the treatment of potable water, the third 
mechanism (attachment) is the major mechanisms involved.  Kitchener and Gouchin (1981) 
showed that organic content of surface water generally is high enough to cause hydrophobic 
characteristic on floc surfaces and thus encourage bubble-particle attachment.  However, for 
the case of municipal and industrial wastewaters, the first mechanism is dominant (Edzwald, 
1995).  A schematic of the bubble particle interactions are shown in Figure 3.2.2. 
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Figure 3.2.1 Schematic flow diagram of DAF for recycle and non-recycle flow 
(adapted from Metcalf and Eddy 1991). 
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Figure 3.2.2 Schematic of air bubble to single biological particle or flocs interactions 
(Sansalone et al 2001) 
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3.2.2 Characterization of Ballast Water Sediment Organisms as Particles 
Most organisms found in ballast water, as summarized in Table 3.2.1, have sizes that 
range from 0.02 µm to 10,000 µm.  In addition to size, specific gravity, charge to mass ratios 
and size gradation are useful characterization parameters.  All these parameters are useful 
when selecting a proper ballast water control/treatment method.  Gradation analyses of 
suspended particles by particle number are preferred in contrast to analyses by mass for 
sediment.  Analyses by mass showed that the majority of mass are dominated by the coarse 
size solids while analyses by particle number demonstrated that finer size solids have the 
highest concentrations.  The representation of mass as opposed to number is illustrated in 
Figure 3.2.3.  One example of assessing the efficiency of a number of unit operations based 
on particle count per volume basis is illustrated in Figure 3.2.4.  
Different technologies are currently available for measuring the particle number 
density across the size gradation, namely laser diffraction and light blocking methods.  Each 
method is developed with different methodologies, so the accuracy, limitation, and operation 
are significantly distinct.  Particle analysis using the laser diffraction method (number-
based) was selected for this research project.  This method utilizes small-angle forward light 
scattering for measurement of particle size distributions.  Furthermore, the device requires 
only small sample volumes and relatively short sampling times.  It has the capability to 
measure particle with diameter as small as 1 µm and can achieve higher accuracies of 
particle measurements compared to other methods (Agrawal and Pottsmith 2000).   
On the other hand, the light-blocking method determines the number of particles as 
the particles flow past a beam of light at a specified flow rate.  A sensor is placed across the 
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Table 3.2.1 Relative sizes of microorganisms (adapted from Buchholz et al 1998) 
Microorganisms Size Range Examples
(µm)
Viruses 0.02 - 1 Hepatitis virus, 0.02 µm; HIV, 0.08 µm
Bacteria 0.25 - 5 Pseudomonas , 0.5-0.62 µm
cocci (spherical) and Vibrio cholerae , 1 µm
bacilli (rod-shaped) Escherichia coli , 2 µm
Protozoans 1 - 80 Myxosporeans , 5-30 µm
Microsporidians , 1-10 µm
Cryptosporidium, 4-6 µm
Giardia lamblia, 8-20 µm
Fungi 1 - 100 Aphanomyces
Cyanobacteria 0.2 - 20 Microcystis elebans , 2-6 µm
(blue-green algae) Spirulina subsalsa , 0.4-4 µm
Chroococcus limneticus , 6-12 µm
Phytoplankton 2 - 1000 Skelatomina , 7-15 µm
(include diatoms, Thalassiosira eccentrica , 40-120 µm
dinoflagellates, Cryotomonas, pseudobaltica , 18-30 µm
cryptomonads, Chroomonas amphixera  10-19 µm
macrophyte spores, Euglena proxima , 18-25 µm
and other pico-, Pfiesteria , 5-450 µm (cyst stage, 7-60 µm)
mano-, micro-, Gymnodinium  (red tide species), 20-25 µm
and colonial Gonyalaux  (red tide species), 28-43 µm
phytoplankton)
Zooplankton 30+ Zebra mussel veligers, 30-65 µm
Adult calanoid copepods, 1,600-12,000 µm
Various crab and shrimp zoea, 5,000 µm
Starfish (Asterias rubins ) larvae, 2,000 µm
Specific Gravity:
Bacteria: ~1.02 (Montgomery 1985)
Phytoplankton: 0.99 - 1.25 (Reynolds 1984)
Relative Sizes of Mircoorganisms
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Figure 3.2.3 Count-based gradations of biological VSS and mass-based gradation of 
ballast sediment (Sansalone et al 2001) 
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Figure 3.2.4 Treatment effectiveness of DAF as a separate and combined unit 
operation in comparison to sedimentation and filtration (Sansalone et al 
2001) 
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test chamber with direction perpendicular to the flow.  The amount of light being absorbed 
or scattered by particles present decreases the light intensity detected by the sensor, which is 
then used to calculate the relative particle size along with its refractive index.  One major 
setback associated with this method is the presence of fluid flow, which may exert excessive 
shear forces that may cause the break up the flocculated particles, and eventually alter the 
sample size distributions (AWWA 1992).  Furthermore, improper calibration of flow rates 
will also lead to errors in particle counting. 
3.2.2.1 Particle Size Distributions (Laser Diffraction Particle Analysis) 
A laser diffraction particle analyzer model LISST-100 PORTABLE was applied in 
this research to quantify the volume distribution of particles across the particle size 
gradation.  LISST is an acronym from Laser in-situ Scattering and Transmissometry.  This 
instrument determines the volume or number distribution of particles for 32 logarithmically-
spaced particle size increments. The median size of these increments ranges from 1.36 to 
230.14 µm.  The instrument operates based on laser diffraction from diffraction pattern 
formed by collimating the output from a diode laser.  The test sample is placed in a test cell 
with dimension of 5 cm (width) x 5 cm (length) x 7 cm (depth) to provide a test cell volume 
of 175 mL.  Figure 3.2.5 shows the photo of the LISST-100 PORTABLE and the schematic 
diagram of the test chamber.  A sample of the data output is illustrated Figure 3.2.6.  A 
sample volume of 175 mL (chamber volume of 175 mL) is prepared for each analysis.  A 
built-in magnetic mixer is activated to ensure adequate entrainment of the particulate 
suspensions.  Mixing speed is set at 40% (as indicated on the LISST-100 PORTABLE) or 
 71 
 
 
 
 
5c
m
 
2c
m
5cm
Magnetic Mixer
φ = 3cm
5c
m
Drainage Hole
φ = 0.5cm
Laser Emitting
Lens
φ = 2.5cm
Laser Receiving
Lens
φ = 2.5cm
 
 
Figure 3.2.5 Photo of the LISST-100 PORTABLE and schematic of the test cell 
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Figure 3.2.6 Typical graphical sample output as provided by the LISST-100 
PORTABLE  
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equivalent to 608 rpm (revolutions per minute) to reduce turbulence.  The magnetic mixer 
can be turned off or operated at a maximum speed of 3040 rpm (200%).   
The laser light will pass through the particle suspension from the middle of the test 
chamber. Then the light scattered by particles is detected in the focal plane of a receiving 
lens located on the opposite side of the test chamber.  The receiving focal plane is a detector 
consisting of 32 logarithmically-spaced rings.  The inner radius of the smaller ring is 102 
µm and the outer radius of the largest ring is 20.0 mm (Agrawal and Pottsmith 2000).  Each 
ring measures light scattered at different angles.  Light scattering is dependent upon the 
particle size.  Ring radii are spaced logarithmically based on the mathematics of the solution 
algorithm for Mie scattering theory.  A correction factor is used for scattering by optical 
surfaces, namely optical transmission, τ, measured by a photodiode located behind the 
detector rings.  From the light scattering received by the detection rings, the device 
automatically predicts the scattering energy using the solution to the Maxwell equations for 
light scattering by particles (Mie theory).  Prediction of scattered energy is carried out across 
all detector rings.  Thus, it produces an energy distribution curve for each discrete particle 
size.  The total energy contributed by particles of each discrete size to each detector ring is 
expressed as follows (Riley and Agrawal 1991): 
∑= )(aNkE jAiji          (3.1) 
In this expression, Ei is the total scattered energy contributed by the ith particle size, kij is the 
energy contributed by particles of size i at ring j, and NA(aj) is the area contribution.  NA(aj) 
is determined by inverting equation 3.1 using a least-squares best fit.  Consequently, the 
volume concentration distribution and number density can be determined as: 
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iAii aN)V(a ⋅=          (3.2) 
2
i
Ai
i a
N)n(a =          (3.3) 
where NAi is the area contribution of each particle size and ai is the corresponding diameter.  
One of the limitations of this instrument is a consequence of the presence of very light 
aggregated flocs. As a result, the determination of size distribution is not known for these 
asymmetric particles (Agrawal and Pottsmith 2000). 
3.2.3 Particle Number and Number Volume Mean Size 
For a particle size distribution, Ni is defined as the total number of particles in each 
incremental particle size range, li.  The summation of Ni from each particle size increment 
across a given gradation provides the total number of particles across the entire gradation, 
Nt.  From the setup configuration of the particle-analysis device selected, the particle size 
distribution is described in terms of particulate volume concentration (particle volume per 
unit volume of water or µL/L) within each discrete particle size increment, from 1.36 to 
230.14 µm.  Again, particle number can be related to the total particle volume using: 
t
3
i NlCV ⋅⋅=          (3.4) 
where V is the volumetric concentration of all particle in suspension represented as [µL/L], 
C refers to a constant equal to π/6 when spherical geometry is assumed.  From the 
expression of particle specific density, ρ, the mass concentrations can be related to the 
particle specific gravity. 
t
3
is NlCρM ⋅⋅⋅=         (3.5) 
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To determine the particle number at the ith size increment, Ni is similar to equation (3.4), 
i
i
i lC
VN ⋅=           (3.6) 
where Vi is the volume concentration of particle in the ith size increment and li is the 
diameter corresponding to the ith particle size increment.  The number volume mean size is 
the weighted average of particle sizes in a distribution based on the number of particles in 
each size increment Ni, expressed as: 
3
1
i
i
i
3
ii
nv N
lN
l







 ⋅
= ∑
∑
         (3.7) 
3.2.4 Power Law Function 
Particle analysis is an important evaluation tool for understanding the DAF particle 
removal efficiency in this study.   The particle distribution or gradation for a given sample is 
modeled with a two-parameter power law function using the method of least squares for 
parameter estimation.  The general form of power law function is shown in equation 3.8 
(Kavanaugh et al 1980, Stumm and Morgan 1996): 
βlα
dl
dN −=           (3.8) 
In this expression, N is the particle number density, l is the particle size, α and β are 
empirical constants.  For this research, all the particle size distributions were found to be 
non-linear.  A modified cumulative power function shown in equation 3.9 was applied. 
β
inv,
r
t lα
l
N −=∑          (3.9) 
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where α and β are the empirical constants for a given particle gradation and lr is the 
reference particle size equals to 1 µm.  If equation 3.9 is multiplied by the natural log (ln) on 
both sides, it is a log-linear equation.  In terms of particle gradation, the coefficient α is an 
index for total particle counts per volume of sample, or the particle number concentration, 
NT.  The coefficient β describes the slope of the particle gradation.  In addition, β can be 
related on both theoretical and experimental basis to physical interactions and physical 
properties of particles.  The coefficient β links the relationships of particle size distribution 
in terms of number, surface area, and volume concentrations.  From Kavanaugh et al (1980), 
the relative contribution of the ith size class to the total particle number concentration, NT is 
defined as 
∑ −
−
=
i
β)(1
i
β)(1
i
T
i
l
l
N
∆N
         (3.10) 
Likewise, the relative contribution of the ith size class to the total area concentration, AT is 
given by 
 ∑ −
−
=
i
β)(3
i
β)(3
i
T
i
l
l
A
∆A
         (3.11) 
This is followed by the relative contribution of the ith size class to the total volume 
concentration, VT is defined as: 
∑ −
−
=
i
β)(4
i
β)(4
i
T
i
l
l
V
∆V
         (3.12) 
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For example, a β value of 3 indicates a uniform distribution of surface area concentration 
among each logarithmically-spaced particle size interval.   On a number concentration basis, 
the majority of particle numbers are for particle with diameters less than 10 µm.  On a 
volume concentration basis, the majority of particles volume is for particle with diameters 
greater than 10 µm.  Particle number concentration is an inverse relationship with the 
particle volume concentration.  A β value greater than 3 suggests finer particle gradation 
dominates (< 75 µm) whereas β value less than 3 is dominated by coarser particle gradation.  
A change in β value (influent to effluent) can provide information about the removal 
efficiency of the system in terms of either coarser or finer particles were removed.  Relative 
contributions of various β values to particle number, surface area, and volume 
concentrations as a function of particle size classes are shown in Figure 3.2.7.  Figure 3.2.8 
illustrates the combination of particle number, surface area, and volume concentrations 
based on β = 3.   
3.2.5 Air-to-Solids Ratio 
DAF involves the interaction of gas to solid (bubble-particle) and gas to liquid (gas 
dissolving into liquid and precipitated as fine size bubbles).  The amount of gas (air) 
dissolving into the liquid solution determines the availability of gas bubbles for interaction 
with the suspended particles.  The following describes the principle of gas-solid relationship.  
The air to solids ratio (A/S) is considered one of the most important parameter in the design 
of a dissolved air flotation system particularly for wastewater or aqueous suspensions with 
high solid contents (Metcalf and Eddy 1991, Steiner et al 1978).  This ratio refers to the 
amount of air available for flotation of bubble-solid complexes to be floated in the  
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Figure 3.2.7 Relative contribution of particulate size classes to total number, surface 
area, and volume concentrations for a power law frequency distribution 
with β = 1 to 5, (adapted from Kavanaugh et al 1980)
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Figure 3.2.8 Particle size class according to total number, surface area, and volume 
concentrated based on power law function, β = 3 (adapted from 
Kavanaugh 1980) 
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feed stream.  Typical A/S ratios needed in the process of thickening sludge in wastewater 
treatment plants range from 0.005 to 0.060 mL(air)/mg(solids) (Metcalf and Eddy 1991).  
However, different types of influent characteristics generate different ranges of A/S ratios.  
The optimal A/S range for a particular feed must be determined experimentally. The 
equation for A/S is expressed as: 
( )
a
s
S
1PfC1.3
S
A −=          (3.13) 
where A/S is the air to solids ratio in milliliter (mL) of air to milligrams (mg) of solids, Cs is 
the air solubility, f is the fraction (an efficiency term) of gas dissolved at pressure P, and Sa 
is the sludge solids concentration of total suspended solids.  The saturator efficiency applied 
in this experiment was not determined experimentally in this study.  Therefore, a 
conservative f value of 0.5 was selected.  In typical practice, f is 70% for unpacked 
saturators and 90% for packed saturators (Edzwald et al 1992).  The corresponding equation 
for a system with only pressurized recycle is 
( )
QS
R1Pf1.3C
S
A
a
s −=          (3.14) 
In this expression, R is the pressurized recycle and Q is the influent flow rate.  The factor of 
1.3 is the weight in milligrams of 1-mL of air and the term (-1) accounts for the system 
operating at atmospheric conditions (gage pressure).  At 1 atm and 0oC the dry density of 
dry air is 1.3 mg/mL.  In order to achieve optimum solids removal, a sufficient volume of air 
bubbles is required to maximize attachment of bubble-particle complex.  On the other hand, 
insufficient quantity of air will have achieved partial flotation of the solids.  However, 
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beyond a certain point, additional volumes of air produce no further improvement.  There 
will be no further improvement if excessive amount of air is supplied. 
In the treatment of potable water, the A/S parameter is not considered since the 
influent solids concentrations are usually low compared to wastewater.  For dinoflagellates, 
averaged of 0.89 individuals per mL of whole water and 84.6 encysted individuals per gram 
dry weight in sediments were reported (Carlton and Holohan 1998).  In Australia, 
concentrations as high as 300 million viable Alexandrium tamarense cysts has been recorded 
per ballast tank (Hallegraeff and Bolch 1992).  Overall, organism’s density range from 0 to 
18,000 organisms per cubic meter of ballast water (excluding bacteria and viruses) for 
various sizes of ships (Carlton and Holohan 1998).  The concentrations can vary greatly 
depending on vessel type and geographical area, where the vessel performs ballast water 
intake.  For example, an oil tanker may fill some empty oil tanks with ballast water for 
stability during voyages with different tanks having large differences in concentration 
(usually oil tankers return to their original departing locations with empty cargo, i.e. oil, 
crude oil, or any forms of liquid materials). 
3.2.6 Recycle Ratio 
In batch type treatment, the recycle ratio is defined as the ratio of volume of 
pressurized liquid introduced to the volume of influent sample (waste). The recycle ratio is 
an important factor relative to air-to-solids ratio.  Typical practice for continuous flow 
systems utilizes a recycle ratio that ranges from a minimum of 5.6 percent to maximum of 
42 percent for South Africa, Finland, Netherlands, UK, and Scandinavia (Edzwald 1995, and 
Haarhoff and van Vuuren 1995).  The majority of plants operate at 6 to 10 percent, with the 
only exception of Finland that reached 42 percent.  In most cases, coagulants are needed.  In 
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the U.S., typical values range from 20 to 50 percent (Steiner et al 1978).  In this research, 
higher recycle ratio are applied as no coagulants were applied prior to DAF. 
3.2.7 Henry’s Law 
As previously mentioned, air to solids ratio is considered to be one of the important 
design parameters in a DAF system.  Henry’s Law states that the amount of air that can be 
partitioned into a liquid is directly proportional to the pressure of the gas.   
PKC H=           (3.15) 
where C [mg/L] is the saturation concentration or solubility, KH [mg/L/atm] is Henry’s 
constant, and P [atm] is the applied pressure.  The saturator efficiency of the DAF to 
dissolved air into liquid phase is evaluated based on Henry’s Law.  As indicated in equation 
3.15, Henry’s Law is a function of temperature and applied pressure.  The validity of 
Henry’s law is applicable up to approximately 7 atmospheres.  Typically value of KH for air 
at temperature of 20oC is 24.3 mg/L/atm.  With the air saturation rate determined, the value 
can then be applied to compute the air to solids ratio. 
3.2.8 Bubble Size and Rise Rate 
In practice, typical bubble sizes range from 10 to 100 µm, with a mean bubble size of 
40 µm used in the design of dissolved air flotation system.  Generally, the smaller the bubble 
size, the better removal will be achieved.  Smaller bubble size will rise at slower rate, which 
increases the contact time and improves the chance of collisions with the particle.  Particles 
may be present in floc or single particle.  For the case of floc, smaller bubble sizes can be 
incorporated in the floc much easier.  Larger bubble sizes can break the floc due to larger 
shear forces and consequently, reduce the chances of contact.  Gas bubbles that are released 
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from pressurized liquid usually are not distinguishable to the naked eye, due to their size and 
bubble concentration.  As a result, the air bubbles impart a milky white appearance to the 
depressurized liquid. 
The rise rate of the bubble size closely follows Stokes’ Law up to a certain size 
range.  Maximum agglomeration between gas and solid phases occurs when gas bubbles rise 
under laminar-flow conditions.  The rise rate is based on Stoke’s Law for bubbles up to 130 
µm (Turner 1975) defined as 
( )
18µ
dρρg
V
2
g
t
−=          (3.16) 
In this expression Vt is the terminal settling velocity or particle settling velocity, g is the 
gravitational constant (9.81 m/sec2), ρ is the water density, ρg is the density of the gas 
bubble, µ is the dynamic viscosity, and d is the bubble diameter.  The term “settling” 
actually refers to floating of the particle in DAF.  Equation 3.16 is limited to laminar flow 
where the bubble Reynolds number is equal to 1.  For bubbles that are larger than 130 µm, 
they may not be readily attached to the suspended particles.   
3.2.9 Overflow Rate 
In addition to A/S ratio, overflow rate is another major DAF design parameter.  The 
overflow rate (hydraulic or surface overflow rate) is defined as the sum of the feed and the 
recycle flow rates divided by the net available flotation area.  However, for this experiment, 
the DAF system is tested on bench scale basis.  Therefore, the sum of feed only involves the 
recycle flow rates.  Typical design overflow rates in practice are range from 20 to 204 
L/min-m2 (0.5 to 5 gpm/ft2).  The overflow rate is expressed as: 
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A
QVc =           (3.17) 
where Vc is the surface overflow rate, Q is the flow rate, and A is the surface area.     
3.3 METHODOLOGY 
3.3.1 Experimental Facility 
A bench-scale experimental system was designed, constructed and operated to verify 
the effectiveness and limitations of the dissolved air flotation (DAF) system. All 
experimental work was carried out in the laboratory.  Freshwater and saltwater organic 
aquaculture sludge were obtained from adjacent aquaculture systems.  The wastewater 
samples were acquired from the Central Wastewater Treatment Plant (CTP) in Baton Rouge, 
Louisiana.  Storm water samples were collected from the 1,700 L holding tank of the 
experimental facility located at the City Park Lake, Baton Rouge.  The experimental facility 
is used to collect storm water runoff from an elevated section of eastbound Interstate-10 
above the City Park Lake.  At the same location, lake water was also collected.  Schematic 
diagrams of the DAF experimental unit are shown in Figure 3.3.1 and Figure 3.3.2. 
3.3.1.1 Experimental Unit 
The DAF treatment unit applied flotation principles to separate biological and 
suspended particulates from the liquid phase.  Air and nitrogen gas were used for the 
flotation mechanism.  Air supply was generated using an air compressor while nitrogen gas 
was obtained from a nitrogen compressed gas tank.  Compressed air was the first selected 
gas supply but was eventually replaced with nitrogen gas.  A 10-L capacity pressure vessel 
was used as a medium for compressed air to be dissolved into the liquid phase at several  
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Figure 3.3.1 Bench scale configuration for Dissolved Air Flotation system 
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Figure 3.3.2 Plan view of the bench scale configuration for DAF (all units in mm) 
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atmospheric pressures.  Clarified freshwater (or lake water) and saltwater were used in the 
pressure vessel.  The pressurized water was then connected to the flotation column through 
pressure hose.  A pressure reducing valve was utilized to control pressure reduction and the 
flow rate of pressurized liquid solution into the batch flotation column.  The pressure 
reducing valve reduced the feed water pressure down to atmospheric pressure.  Observed 
flow rates from the flow meter were uncalibrated values.  The correct flow rates were 
determined from the volume of pressurized water introduced into the flotation column and 
the elapsed time.   The feed column of the DAF system was not used as it was found to be 
impractical.  Instead, the feed sample was directly placed in the batch flotation column.   
Three plexiglass columns were constructed: 76.2 mm (3 in), 101.6 mm (4 in), and 
152.4 mm (6 in) diameter.  These dimensions were selected in order to operate at different 
hydraulic loading rates.  Applied flow rates (uncalibrated) ranged from 0.946 to 1.703 L/min 
(0.25 to 0.45 gpm) were tested with the three columns with different cross-sectional and 
surface areas.  The purpose of various hydraulic loading rates was to access the operating 
range of the DAF system.  Operating pressures were applied at 172.4 kPa (25 psi) and 413.7 
kPa (60 psi).  The applied pressure of 25 psi was intended for testing the lower limits of the 
DAF system while 60 psi was the typically applied pressure in practice.   
3.3.2 Sample Collection 
First, influent waste was placed in the batch flotation column at a predetermined 
height with the waste’s temperature and salinity recorded.  A 500 mL polyethylene sample 
was used to store 500 mL of the influent waste.  Secondly, pressurized waters were then 
released into the flotation column.  Flow rates, applied pressure, elapsed time, and final 
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water level height in each flotation column were recorded.  After approximately 10 minutes 
of floation time, 500 mL of the effluent sample were drawn from the bottom port of the 
batch flotation column (Figure 3.3.1).  Another 500 mL was also obtained at the same time 
from the clarified liquid in the pressure vessel.  Pressures of 172 kPa (25 psi) and 414 kPa 
(60 psi) were applied in this study.  Each sample was immediately analyzed for particle 
number using the LISST-100 PORTABLE particle analyzer, suspended solids, and 
turbidities.  Particle analysis was given the first priority because it is a time sensitive nature 
of particle aggregation resulting from Brownian motion, shear coagulation, and differential 
sedimentation. 
3.3.3 Particle Analysis 
Representative sample aliquots of 200-mL were drawn from each sampling bottle 
(500 mL) for particle analysis.  A magnetic stirrer was used to ensure that the samples were 
well mixed so that aliquot sample could be obtained.  The magnetic stirrer also prevented 
the formation of air bubbles.  The existence of air bubbles in the particle analyzer’s test 
chamber can cause error in the measurements of the particle size distribution.  If aliquots 
had concentrations of suspended particles that were too high (laser transmission of less than 
30%), aliquots were diluted.  Frequently, influent waste was too concentrated and required 
dilution.  For dilution, deionized (DI) water was used.  Dilution ratio factors were recorded.  
Data from particle analyzer were downloaded to a laptop and processed. 
3.3.4 Power Law Function 
Particle analysis data determined from the LISST-100 PORTABLE particle analyzer 
were modeled using a two-parameter cumulative power law function.  The particle size 
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distributions were fit using the least square analysis and plotted on a log-log scale.  The 
cumulative particle number (count/cm3) plotted against the particle diameter, normalized by 
reference particle diameter, lr.  The coefficient β from the power law function was obtained 
from the particle size distribution.  However, since non-linear particle size distributions were 
observed for all experimental runs, a series of β values were utilized to describe the 
distribution.  With a maximum of 32 data points available across the 1 to 250 µm gradation 
and eight or more data points required for statistical significance, three incremental β values 
were utilized to describe each gradation.  The increment ranges consisted of three ranges, 
they were from particle diameter with mean size of discrete ranges from 1.36 µm to 13.79 
µm, 16.27 µm to 51.86 µm, and 61.20 µm to 230.14 µm.  Values for α, β, and determination 
of coefficient, r2 from each section were determined for each distribution. 
3.3.5 Removal Efficiency 
The performance/efficiency of the DAF systems was evaluated based on three 
parameters commonly applied in practice: (a) particle removal, (b) turbidity removal, and (c) 
suspended solids concentration (SSC) removal.   
To evaluate the efficiency for particle removal or separation, the influent and effluent 
sample were analyzed using the laser diffraction particle analyzer.  The particle 
concentration data obtained are expressed in count/cm3.  It should be emphasized again that 
spherical geometry was assumed for particle sizes.  Differences in influent and effluent 
particle concentrations were calculated and the removal efficiency was determined. Two 
aliquots were obtained for each sample analysis.  Average particle removal for each sample 
aliquot was computed as the arithmetic mean of the removal efficiencies for all discrete 
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particle size increments (1 to 250 µm).  The expression for particle removal efficiency is 
shown as 
100%
C
CCE
inf
effinf ⋅−=         (3.18) 
In this expression, E is the removal efficiency, Cinf and Ceff is the influent and effluent 
parameters (particle concentrations), respectively.   
In terms of turbidity removal, both the influent and effluent values were determined 
based on APHA Standard Method 2130-B.  Details for carrying turbidity test can be found 
in the Appendix section.  Three replicates were acquired for each sample analysis.  
Arithmetic mean and standard deviation were computed. 
After the particle size and turbidity measurements were completed.  Suspended 
solids concentrations (SSC) were carried out based on Standard Method 2540-D.  Detailed 
instructions can be found in the Appendix section.  Three replicates were used for each 
sample run.  Arithmetic mean and standard deviation were computed. 
3.4 RESULTS  
This study examined the potential of DAF as a control for ANS transported in ballast 
water.  All experiment were labeled with “date:run-port number”.  For example “3/13:1” 
referred to experiment run on 3/13/02, run number 1 with flow rates of 0.25 gpm.  Run 
number of 1 to 3 represents 76.2 mm (3 in) column with flow rates of 0.95 L/min (0.25 
gpm), 1.33 L/min (0.35 gpm), and 1.7 L/min (0.45 gpm) respectively.  Run numbers from 4 
to 6 and 7 to 9 represent 102 mm (4 in) and 152 mm (6 in) column, respectively.  However, 
these flow rates were read directly from the flow meter.  Therefore, actual flow rate were 
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calibrated using volumes of clarified liquid introduced.  The volume of clarified liquid was 
calculated using the changes in flotation column height (final minus initial height) and 
multiplied by the flotation column cross-sectional area.  Summaries of all DAF experimental 
matrices are illustrated from Table 3.4.1 to Table 3.4.6.  The influent samples tested in 
saltwater and freshwater matrices include: lake water sediment, wastewater sludge, 
freshwater aquaculture sludge, saltwater aquaculture sludge, and storm water settleable and 
suspended solids.  The corresponding specific gravity of the samples was 2.49, 1.85, 1.62, 
1.97, and 2.19, respectively. 
3.4.1 Overall Performance 
Summary results of all experiments with various samples using saltwater and 
freshwater matrices are presented in Tables 3.4.7 to Table 3.4.13.  Parameters involved are 
the A/S ratio, particle removal efficiency (%), recycle ratio (%), surface loading rate, 
turbidity removal efficiency (%), and SSC removal (%).  Operating pressure and influent 
characteristics (turbidity and SSC) are included. 
3.4.2 Air-to-Solids Ratio (A/S Ratio) 
Particle removal efficiency as a function of A/S ratio is shown in Figure 3.4.1.  For 
A/S ratio less than 0.1 mL/mg, both the saltwater and freshwater matrices achieved similar 
removal efficiency of approximately 80% with the exception of few data points reached 
more than 90% for the saltwater matrix.  However, for A/S ratio between 0.1 and 0.2 
mL/mg, DAF performed better in freshwater matrix than saltwater matrix.  As for A/S ratio 
range from 0.4 mL/mg or more, removal efficiency appeared to be constant at 90% for  
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Table 3.4.1 Experimental Matrices for 26 March 2002, 12 December 2000, and 15 August 2000 
DAF Experimental Matrices
Column Pressure 1Flow Meter 2Column 3Pressurized Recycle 4Volumetric 5Flow Rate Hydraulic
Date Type OD Flow Rate Time Initial Final Volume Volume Ratio Flow Rate Factor Loading
(in) (psi) (gpm) (sec) (mm) (mm) (L) (L) (%) (gpm) (gpm/ft2)
03/26/02 Saltwater 3 60 0.25 6 600 652 2.23 0.20 9 0.53 2.11 12.76
using 60 0.35 5 600 654 2.23 0.21 9 0.66 1.87 15.91
Lakewater 60 0.45 4 600 661 2.23 0.23 11 0.93 2.06 22.46
Sludge 4 60 0.25 9 400 442 2.65 0.30 11 0.53 2.11 6.87
60 0.35 7 400 440 2.65 0.29 11 0.65 1.84 8.42
60 0.45 5 400 436 2.65 0.26 10 0.81 1.81 10.60
6 60 0.25 12 300 325 4.28 0.42 10 0.55 2.21 3.07
60 0.35 10 300 330 4.28 0.50 12 0.80 2.28 4.42
60 0.45 8 300 327 4.28 0.45 11 0.90 1.99 4.97
12/12/00 Saltwater 3 60 0.25 25 550 750 2.03 0.77 38 0.49 1.94 11.78
Sewage 60 0.35 19 550 749 2.03 0.76 37 0.64 1.82 15.42
Sludge 60 0.45 16 550 751 2.03 0.77 38 0.76 1.70 18.50
4 60 0.25 25 320 432 2.08 0.80 38 0.51 2.02 6.60
60 0.35 19 320 423 2.08 0.73 35 0.61 1.75 7.98
60 0.45 16 320 426 2.08 0.76 36 0.75 1.66 9.76
6 60 0.25 25 155 206 1.85 0.85 46 0.54 2.17 3.00
60 0.35 19 155 204 1.85 0.82 44 0.68 1.96 3.80
60 0.45 16 155 205 1.85 0.84 45 0.83 1.84 4.60
11/06/00 Saltwater 3 60 0.25 24 550 753 2.03 0.78 38 0.51 2.06 12.46
Aquaculture 60 0.35 20 550 751 2.03 0.77 38 0.61 1.74 14.80
Sludge 60 0.45 16 550 760 2.03 0.80 40 0.80 1.77 19.33
4 60 0.25 24 320 432 2.08 0.80 38 0.53 2.11 6.87
60 0.35 20 320 439 2.08 0.85 41 0.67 1.92 8.76
60 0.45 16 320 435 2.08 0.82 39 0.81 1.80 10.58
6 60 0.25 24 155 206 1.85 0.85 46 0.56 2.26 3.13
60 0.35 20 155 209 1.85 0.90 49 0.72 2.05 3.98
60 0.45 16 155 218 1.85 1.06 57 1.05 2.32 5.80
1:  Flow meter flow rate is the nominal uncalibrated flow rate 4:  Volumetric flow rate is the actual calibrated flow rate
2:  Particle entrained volume to be clarified 5:  Ratio of volumetric flow rate to flow meter flow rate
3:  Particulate free saltwater or freshwater (depending on run type)
Column Height 
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Table 3.4.2 Experimental Matrices for 4 December 2000, 23 March 2002, and 14 March 2002 
DAF Experimental Matrices
Column Pressure 1Flow Meter 2Column 3Pressurized Recycle 4Volumetric 5Flow Rate Hydraulic
Date Type OD Flow Rate Time Initial Final Volume Volume Ratio Flow Rate Factor Loading
(in) (psi) (gpm) (sec) (mm) (mm) (L) (L) (%) (gpm) (gpm/ft2)
12/04/00 Lakewater 3 60 0.25 25 550 752 2.03 0.77 38 0.49 1.96 11.90
Sewage 60 0.35 20 550 750 2.03 0.77 38 0.61 1.74 14.73
Sludge 60 0.45 16 550 745 2.03 0.75 37 0.74 1.65 17.95
4 60 0.25 25 320 430 2.08 0.78 38 0.50 1.99 6.48
60 0.35 20 320 430 2.08 0.78 38 0.62 1.77 8.10
60 0.45 16 320 428 2.08 0.77 37 0.76 1.69 9.94
6 60 0.25 25 155 213 1.85 0.97 52 0.62 2.46 3.42
60 0.35 20 155 211 1.85 0.94 51 0.74 2.12 4.12
60 0.45 16 155 211 1.85 0.94 51 0.93 2.07 5.15
03/23/02 Saltwater 3 60 0.25 9 400 476 1.46 0.29 20 0.51 2.05 12.44
Aquaculture 60 0.35 7 400 476 1.46 0.29 20 0.66 1.88 15.99
Sludge 60 0.45 6 400 483 1.46 0.32 22 0.84 1.87 20.37
4 60 0.25 20 400 494 2.65 0.67 25 0.53 2.12 6.92
60 0.35 15 400 489 2.65 0.63 24 0.67 1.91 8.74
60 0.45 11 400 479 2.65 0.56 21 0.81 1.80 10.58
6 60 0.25 29 300 364 4.28 1.07 25 0.59 2.34 3.25
60 0.35 23 300 356 4.28 0.94 22 0.65 1.85 3.59
60 0.45 17 300 355 4.28 0.92 22 0.86 1.91 4.76
03/14/02 Saltwater 3 60 0.25 9 400 481 1.46 0.31 21 0.55 2.19 13.25
Stormwater 60 0.35 7 400 479 1.46 0.30 21 0.69 1.96 16.62
Settleable 60 0.45 6 400 482 1.46 0.31 22 0.83 1.84 20.13
Suspended 4 60 0.25 20 400 495 2.65 0.68 26 0.54 2.15 7.00
Solids 60 0.35 15 400 490 2.65 0.64 24 0.68 1.94 8.84
60 0.45 11 400 480 2.65 0.57 21 0.82 1.83 10.71
6 60 0.25 28 300 359 4.28 0.99 23 0.56 2.24 3.10
60 0.35 23 300 362 4.28 1.04 24 0.72 2.05 3.97
60 0.45 17 300 356 4.28 0.94 22 0.87 1.94 4.85
1:  Flow meter flow rate is the nominal uncalibrated flow rate 4:  Volumetric flow rate is the actual calibrated flow rate
2:  Particle entrained volume to be clarified 5:  Ratio of volumetric flow rate to flow meter flow rate
3:  Particulate free saltwater or freshwater (depending on run type)
Column Height 
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Table 3.4.3 Experimental Matrices for 13 March 2002, 7 March 2002, and 8 March 2002 
DAF Experimental Matrices
Column Pressure 1Flow Meter 2Column 3Pressurized Recycle 4Volumetric 5Flow Rate Hydraulic
Date Type OD Flow Rate Time Initial Final Volume Volume Ratio Flow Rate Factor Loading
(in) (psi) (gpm) (sec) (mm) (mm) (L) (L) (%) (gpm) (gpm/ft2)
03/13/02 Freshwater 3 60 0.25 10 400 490 1.46 0.34 24 0.55 2.19 13.25
Aquaculture 60 0.35 8 400 496 1.46 0.37 25 0.73 2.08 17.67
Sludge 60 0.45 7 400 498 1.46 0.38 26 0.85 1.89 20.62
4 60 0.25 21 400 497 2.65 0.69 26 0.52 2.09 6.80
60 0.35 16 400 492 2.65 0.66 25 0.65 1.86 8.47
60 0.45 12 400 486 2.65 0.61 23 0.81 1.80 10.55
6 60 0.25 30 300 363 4.28 1.06 25 0.56 2.23 3.09
60 0.35 24 300 362 4.28 1.04 24 0.69 1.96 3.80
60 0.45 17 300 357 4.28 0.95 22 0.89 1.98 4.94
03/07/02 Freshwater 3 60 0.25 10 400 492 1.46 0.35 24 0.56 2.24 13.55
Stormwater 60 0.35 8 400 494 1.46 0.36 25 0.71 2.04 17.30
Settleable 60 0.45 7 400 505 1.46 0.40 28 0.91 2.02 22.09
Suspended 4 60 0.25 23 400 506 2.65 0.76 28 0.52 2.08 6.79
Solids 60 0.35 16 400 495 2.65 0.68 26 0.67 1.92 8.74
60 0.45 12 400 492 2.65 0.66 25 0.87 1.92 11.29
6 60 0.25 30 300 365 4.28 1.09 25 0.58 2.30 3.19
60 0.35 25 300 367 4.28 1.12 26 0.71 2.03 3.95
60 0.45 17 300 358 4.28 0.97 23 0.91 2.01 5.02
03/08/02 Saltwater 3 60 0.25 9 400 479 1.46 0.30 21 0.53 2.13 12.93
Aquaculture 60 0.35 7 400 492 1.46 0.35 24 0.80 2.28 19.36
Sludge 60 0.45 6 400 493 1.46 0.36 24 0.94 2.09 22.83
4 60 0.25 22 400 504 2.65 0.74 28 0.53 2.14 6.96
60 0.35 15 400 488 2.65 0.63 24 0.66 1.89 8.64
60 0.45 11 400 485 2.65 0.61 23 0.87 1.94 11.38
6 60 0.25 29 300 362 4.28 1.04 24 0.57 2.27 3.15
60 0.35 24 300 363 4.28 1.06 25 0.70 1.99 3.87
60 0.45 17 300 356 4.28 0.94 22 0.87 1.94 4.85
1:  Flow meter flow rate is the nominal uncalibrated flow rate 4:  Volumetric flow rate is the actual calibrated flow rate
2:  Particle entrained volume to be clarified 5:  Ratio of volumetric flow rate to flow meter flow rate
3:  Particulate free saltwater or freshwater (depending on run type)
Column Height 
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Table 3.4.4 Experimental Matrices for 6 November 2000 
DAF Experimental Matrices
Column Pressure 1Flow Meter 2Column 3Pressurized Recycle 4Volumetric 5Flow Rate Hydraulic
Date Type OD Flow Rate Time Initial Final Volume Volume Ratio Flow Rate Factor Loading
(in) (psi) (gpm) (sec) (mm) (mm) (L) (L) (%) (gpm) (gpm/ft2)
11/06/00 Saltwater 3 60 0.25 24 550 753 2.03 0.78 38 0.51 2.06 12.46
Aquaculture 60 0.35 20 550 751 2.03 0.77 38 0.61 1.74 14.80
Sludge 60 0.45 16 550 760 2.03 0.80 40 0.80 1.77 19.33
4 60 0.25 24 320 432 2.08 0.80 38 0.53 2.11 6.87
60 0.35 20 320 439 2.08 0.85 41 0.67 1.92 8.76
60 0.45 16 320 435 2.08 0.82 39 0.81 1.80 10.58
6 60 0.25 24 155 206 1.85 0.85 46 0.56 2.26 3.13
60 0.35 20 155 209 1.85 0.90 49 0.72 2.05 3.98
60 0.45 16 155 218 1.85 1.06 57 1.05 2.32 5.80
1:  Flow meter flow rate is the nominal uncalibrated flow rate 4:  Volumetric flow rate is the actual calibrated flow rate
2:  Particle entrained volume to be clarified 5:  Ratio of volumetric flow rate to flow meter flow rate
3:  Particulate free saltwater or freshwater (depending on run type)
Column Height 
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Table 3.4.5 Experimental Matrices for 25 June 2001, 26 June 2001, and 27 June 2001 
DAF Experimental Matrices
Column Pressure 1Flow Meter 2Column 3Pressurized Recycle 4Volumetric 5Flow Rate Hydraulic
Date Type OD Flow Rate Time Initial Final Volume Volume Ratio Flow Rate Factor Loading
(in) (psi) (gpm) (sec) (mm) (mm) (L) (L) (%) (gpm) (gpm/ft2)
06/25/01 Saltwater 3 25 0.25 15 400 522 1.46 0.47 32 0.49 1.98 11.98
Aquaculture
Sludge
4 25 0.25 15 400 481 2.65 0.58 22 0.61 2.44 7.95
6 25 0.25 30 300 372 4.28 1.21 28 0.64 2.55 3.53
06/26/01 Saltwater 3 25 0.25 15 400 539 1.46 0.53 36 0.56 2.25 13.65
Aquaculture
Sludge
4 25 0.25 15 400 482 2.65 0.58 22 0.62 2.47 8.05
6 25 0.25 30 300 374 4.28 1.24 29 0.66 2.62 3.63
06/27/01 Saltwater 3 25 0.25 15 400 528 1.46 0.49 34 0.52 2.07 12.57
Aquaculture
Sludge
4 25 0.25 15 400 475 2.65 0.53 20 0.56 2.26 7.36
6 25 0.25 30 300 362 4.28 1.04 24 0.55 2.20 3.04
1:  Flow meter flow rate is the nominal uncalibrated flow rate 4:  Volumetric flow rate is the actual calibrated flow rate
2:  Particle entrained volume to be clarified 5:  Ratio of volumetric flow rate to flow meter flow rate
3:  Particulate free saltwater or freshwater (depending on run type)
Column Height 
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Table 3.4.6 Experimental Matrices for 28 June 2001, 3 July 2001, and 5 July 2001 
DAF Experimental Matrices
Column Pressure 1Flow Meter 2Column 3Pressurized Recycle 4Volumetric 5Flow Rate Hydraulic
Date Type OD Flow Rate Time Initial Final Volume Volume Ratio Flow Rate Factor Loading
(in) (psi) (gpm) (sec) (mm) (mm) (L) (L) (%) (gpm) (gpm/ft2)
06/28/01 Freshwater 3 25 0.25 15 400 544 1.46 0.55 38 0.58 2.33 14.14
Aquaculture
Sludge
4 25 0.25 15 400 477 2.65 0.55 21 0.58 2.32 7.56
6 25 0.25 30 300 365 4.28 1.09 25 0.58 2.30 3.19
07/03/01 Freshwater 3 25 0.25 15 400 548 1.46 0.57 39 0.60 2.40 14.53
Aquaculture
Sludge
4 25 0.25 15 400 484 2.65 0.60 23 0.63 2.53 8.25
6 25 0.25 30 300 368 4.28 1.14 27 0.60 2.41 3.34
07/05/01 Freshwater 3 25 0.25 15 400 555 1.46 0.59 41 0.63 2.51 15.22
Aquaculture
Sludge
4 25 0.25 15 400 479 2.65 0.56 21 0.59 2.38 7.76
6 25 0.25 30 300 365 4.28 1.09 25 0.58 2.30 3.19
1:  Flow meter flow rate is the nominal uncalibrated flow rate 4:  Volumetric flow rate is the actual calibrated flow rate
2:  Particle entrained volume to be clarified 5:  Ratio of volumetric flow rate to flow meter flow rate
3:  Particulate free saltwater or freshwater (depending on run type)
Column Height 
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Table 3.4.7 Summary of DAF results for the 26 March 2002 and the 12 December 
2000 experiments 
Date Air to Mean Recycle Surface Turbidity SSC
ID Solids Particle Ratio Loading Removal Removal
Ratio Removal Rate
(mL/mg) (%) (%) (gpm/ft2) (%) (%)
Saltwater matrix with sediments (City Park Lake)
3/26:1 0.168 73 9 12.8 77 80
3/26:2 0.168 74 9 15.9 77 78
3/26:3 0.170 76 10 22.5 78 80
3/26:4 0.171 73 11 6.9 76 76
3/26:5 0.170 43 11 8.4 74 71
3/26:6 0.169 65 10 10.6 70 69
3/26:7 0.169 57 10 3.1 63 65
3/26:8 0.172 56 12 4.4 62 64
3/26:9 0.170 55 11 5.0 61 62
Mean 64 10 71 72
Influent Turbidity [NTU] : 172 std. dev. = 2.63 n = 3
SSC [mg/L] : 255 std. dev. = 22.03 n = 3
Operating Pressure (psi) : 60
Saltwater matrix with sewage sludge
12/12:1 0.024 76 38 11.8 83 72
12/12:2 0.024 80 37 15.4 83 73
12/12:3 0.025 82 38 18.5 84 73
12/12:4 0.025 81 38 6.6 84 74
12/12:5 0.024 78 35 8.0 82 70
12/12:6 0.024 79 36 9.8 82 71
12/12:7 0.026 80 46 3.0 81 74
12/12:8 0.026 75 44 3.8 80 67
12/12:9 0.026 78 45 4.6 79 69
Mean 79 40 82 72
Influent Turbidity [NTU] : 2030 std. dev. = 98.1 n = 3
SSC [mg/L] : 2173 std. dev. = 212.2 n = 3
Operating Pressure (psi) : 60
Experimental Results of DAF
Saltwater 
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Table 3.4.8 Summary of DAF results for the 15 August 2000 and the 4 December 
2000 experiments 
Date Air to Mean Recycle Surface Turbidity SSC
ID Solids Particle Ratio Loading Removal Removal
Ratio Removal Rate
(mL/mg) (%) (%) (gpm/ft2) (%) (%)
Lakewater matrix with sediments (City Park Lake)
8/15:1 0.107 98 38 11.8 92 98
8/15:2 0.107 95 37 14.6 90 96
8/15:3 0.109 96 39 17.1 92 96
8/15:4 0.106 96 39 6.8 92 94
8/15:5 0.109 96 39 8.5 91 96
8/15:6 0.111 95 43 10.2 89 92
8/15:7 0.115 94 47 3.1 89 94
8/15:8 0.113 94 45 3.7 87 93
8/15:9 0.119 93 52 4.7 87 89
Mean 95 42 90 94
Influent Turbidity [NTU] : 172 std. dev. = 4.73 n = 3
SSC [mg/L] : 452 std. dev. = 53.9 n = 3
Operating Pressure (psi) : 60
Freshwater matrix with sewage sludge
12/4:1 0.035 77 38 11.9 70 52
12/4:2 0.035 80 38 14.7 71 68
12/4:3 0.035 76 37 17.9 69 65
12/4:4 0.035 71 38 6.5 66 59
12/4:5 0.035 71 38 8.1 67 63
12/4:6 0.035 69 37 9.9 67 62
12/4:7 0.039 73 52 3.4 68 68
12/4:8 0.039 73 51 4.1 67 65
12/4:9 0.039 78 51 5.2 69 74
Mean 74 42 68 64
Influent Turbidity [NTU] : 1403 std. dev. = 91.0 n = 3
SSC [mg/L] : 1497 std. dev. = 111.5 n = 3
Operating Pressure (psi) : 60
Experimental Results of DAF
Freshwater 
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Table 3.4.9 Summary of DAF results for the 23 March 2002 and the 14 March 2002 
experiments  
 
Date Air to Mean Recycle Surface Turbidity SSC
ID Solids Particle Ratio Loading Removal Removal
Ratio Removal Rate
(mL/mg) (%) (%) (gpm/ft2) (%) (%)
Saltwater matrix with aquaculture sludge
3/23:1 0.628 93 20 12.4 96 88
3/23:2 0.628 94 20 16.0 95 83
3/23:3 0.637 94 22 20.4 97 88
3/23:4 0.652 93 25 6.9 96 82
3/23:5 0.646 92 24 8.7 96 82
3/23:6 0.634 93 21 10.6 96 87
3/23:7 0.651 94 25 3.3 96 87
3/23:8 0.642 94 22 3.6 96 89
3/23:9 0.635 92 22 4.8 95 86
Mean 93 22 96 86
Influent Turbidity [NTU] : 47 std. dev. = 1.93 n = 3
SSC [mg/L] : 73 std. dev. = 7.21 n = 3
Operating Pressure (psi) : 60
Saltwater matrix with stormwater settleable and suspended solids
3/14:1 0.483 90 21 13.3 95 78
3/14:2 0.482 90 21 16.6 94 81
3/14:3 0.487 91 22 20.1 94 78
3/14:4 0.496 96 26 7.0 95 75
3/14:5 0.492 89 24 8.8 94 78
3/14:6 0.484 90 21 10.7 94 73
3/14:7 0.489 89 23 3.1 94 78
3/14:8 0.493 88 24 4.0 94 61
3/14:9 0.485 88 22 4.9 92 68
Mean 90 23 94 75
Influent Turbidity [NTU] : 61 std. dev. = 1.64 n = 3
SSC [mg/L] : 94 std. dev. = 2.00 n = 3
Operating Pressure (psi) : 60
Saltwater 
Experimental Results of DAF
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Table 3.4.10 Summary of DAF results for the 13 March 2002 and the 7 March 2002 
experiments  
 
Date Air to Mean Recycle Surface Turbidity SSC
ID Solids Particle Ratio Loading Removal Removal
Ratio Removal Rate
(mL/mg) (%) (%) (gpm/ft2) (%) (%)
Freshwater matrix with aquaculture sludge
3/13:1 0.482 80 24 13.3 88 85
3/13:2 0.488 82 25 17.7 90 86
3/13:3 0.489 83 26 20.6 89 85
3/13:4 0.490 84 26 6.8 90 86
3/13:5 0.486 85 25 8.5 91 88
3/13:6 0.480 85 23 10.6 91 88
3/13:7 0.486 85 25 3.1 92 85
3/13:8 0.484 85 24 3.8 91 87
3/13:9 0.477 84 22 4.9 90 86
Mean 84 24 90 86
Influent Turbidity [NTU] : 30 std. dev. = 0.93 n = 3
SSC [mg/L] : 99 std. dev. = 4.16 n = 3
Operating Pressure (psi) : 60
Freshwater matrix with stormwater settleable and suspended solids
3/7:1 0.569 67 25 13.5 61 64
3/7:2 0.572 74 28 17.3 67 70
3/7:3 0.585 73 28 22.1 72 73
3/7:4 0.589 71 28 6.8 67 68
3/7:5 0.576 73 26 8.7 68 71
3/7:6 0.572 73 25 11.3 72 74
3/7:7 0.575 75 25 3.2 67 67
3/7:8 0.579 66 26 3.9 60 62
3/7:9 0.563 68 23 5.0 63 64
Mean 71 26 66 68
Influent Turbidity [NTU] : 97 std. dev. = 3.98 n = 3
SSC [mg/L] : 84 std. dev. = 2.00 n = 3
Operating Pressure (psi) : 60
Freshwater 
Experimental Results of DAF
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Table 3.4.11 Summary of DAF results for the 8 March 2002 and the 6 November 2000 
experiments 
 
Date Air to Mean Recycle Surface Turbidity SSC
ID Solids Particle Ratio Loading Removal Removal
Ratio Removal Rate
(mL/mg) (%) (%) (gpm/ft2) (%) (%)
Saltwater matrix with aquaculture sludge
3/8:1 0.054 97 21 12.9 97 96
3/8:2 0.055 97 24 19.4 97 96
3/8:3 0.055 97 24 22.8 97 96
3/8:4 0.057 97 28 7.0 98 97
3/8:5 0.055 97 24 8.6 98 96
3/8:6 0.054 97 23 11.4 98 97
3/8:7 0.055 97 24 3.1 98 97
3/8:8 0.055 95 25 3.9 96 95
3/8:9 0.054 92 22 4.9 94 94
Mean 96 25 97 96
Influent Turbidity [NTU] : 621 std. dev. = 6.43 n = 3
SSC [mg/L] : 848 std. dev. = 28.83 n = 3
Operating Pressure (psi) : 60
Saltwater matrix with aquaculture sludge
11/6:1 0.026 99 38 12.5 100 98
11/6:2 0.026 99 38 14.8 100 98
11/6:3 0.027 98 40 19.3 99 98
11/6:4 0.026 97 38 6.9 99 98
11/6:5 0.027 98 41 8.8 100 98
11/6:6 0.026 98 39 10.6 99 98
11/6:7 0.028 97 46 3.1 99 97
11/6:8 0.028 96 49 4.0 99 97
11/6:9 0.030 93 57 5.8 97 97
Mean 97 43 99 98
Influent Turbidity [NTU] : 1457 std. dev. = 151.20 n = 3
SSC [mg/L] : 1978 std. dev. = 128.48 n = 3
Operating Pressure (psi) : 60
Experimental Results of DAF
Saltwater
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Table 3.4.12 Summary of DAF results for the 25 June 2001, 26 June 2001, and 27 
June 2001 experiments  
 
Date Air to Mean Recycle Surface Turbidity SSC
ID Solids Particle Ratio Loading Removal Removal
Ratio Removal Rate
(mL/mg) (%) (%) (gpm/ft2) (%) (%)
Saltwater matrix with aquaculture sludge
6/25:1 0.011 88 32 12.0 85 83
6/25:2 0.011 82 22 8.0 83 81
6/25:3 0.011 79 28 3.5 77 79
Mean 83 27 81 81
Influent Turbidity [NTU] : 565 std. dev. = 11.72 n = 3
SSC [mg/L] : 992 std. dev. = 8.11 n = 3
Operating Pressure (psi) : 25
Saltwater matrix with aquaculture sludge
6/26:1 0.011 88 36 13.6 81 80
6/26:2 0.010 84 22 8.1 79 80
6/26:3 0.011 74 29 3.6 71 72
Mean 82 29 77 78
Influent Turbidity [NTU] : 577 std. dev. = 9.02 n = 3
SSC [mg/L] : 1017 std. dev. = 50.25 n = 3
Operating Pressure (psi) : 25
Saltwater matrix with aquaculture sludge
6/27:1 0.012 87 34 12.6 78 76
6/27:2 0.011 83 20 7.4 77 79
6/27:3 0.011 80 24 3.0 71 75
Mean 83 26 75 76
Influent Turbidity [NTU] : 549 std. dev. = 10.15 n = 3
SSC [mg/L] : 928 std. dev. = 33.65 n = 3
Operating Pressure (psi) : 25
Saltwater 
Experimental Results of DAF
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Table 3.4.13 Summary of DAF results for the 28 June 2001, 3 July 2001, and 5 July 
2001 experiments  
 
Date Air to Mean Recycle Surface Turbidity SSC
ID Solids Particle Ratio Loading Removal Removal
Ratio Removal Rate
(mL/mg) (%) (%) (gpm/ft2) (%) (%)
Freshwater matrix aquaculture sludge
6/28:1 0.013 91 38 14.1 95 92
6/28:2 0.012 84 21 7.6 93 91
6/28:3 0.012 88 25 3.2 94 92
Mean 88 28 94 92
Influent Turbidity [NTU] : 463 std. dev. = 11.59 n = 3
SSC [mg/L] : 865 std. dev. = 49.65 n = 3
Operating Pressure (psi) : 25
Freshwater matrix aquaculture sludge
7/3:1 0.015 84 39 14.5 93 89
7/3:2 0.013 82 23 8.2 93 89
7/3:3 0.014 81 27 3.3 93 89
Mean 83 29 93 89
Influent Turbidity [NTU] : 466 std. dev. = 4.73 n = 3
SSC [mg/L] : 774 std. dev. = 39.32 n = 3
Operating Pressure (psi) : 25
Freshwater matrix aquaculture sludge
7/5:1 0.016 76 41 15.2 90 84
7/5:2 0.014 89 21 7.8 95 91
7/5:3 0.014 88 25 3.2 94 92
Mean 85 29 93 89
Influent Turbidity [NTU] : 425 std. dev. = 9.54 n = 3
SSC [mg/L] : 741 std. dev. = 93.95 n = 3
Operating Pressure (psi) : 25
Freshwater 
Experimental Results of DAF
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Figure 3.4.1 Overall particle removal efficiency as a function of air-to-solids ratio 
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saltwater matrix while the different trend was observed for the freshwater matrix (dropping 
from 80% to 70% with increasing A/S ratio).  Although the A/S ratio is regarded as one of 
the most important design parameters for DAF, this research does not indicate a consistent 
trend with respect to A/S.  In the example of saltwater matrix, different ratios of A/S 
achieved similar results.  As the DAF was tested on batch bench-scale basis, the calculation 
for the A/S ratio utilized equation 3.13.  In this equation, the A/S ratio is highly influenced 
by the concentrations of SSC while the remaining parameters are kept reasonably constant 
(pressure of 25 or 60 psi, and air solubility within a small range of temperature).  The A/S 
ratio (equation 3.13) actually account for the solubility of air in water divided by SSC.  
However, the A/S ratio does not quantify the gradation and number of bubbles generated.  
Even though the A/S does not appear to be significant in this study, its range of applicability 
should be investigated.  The parameter that actually determined the amount of pressurized 
bubble being supplied to the flotation column for bubble-solid attachment is the recycle 
ratio.   
3.4.3 Recycle Ratio and Pressure 
A total of six pairs of experiments using saltwater and freshwater matrices were 
compared as functions of recycle ratio and applied pressure.  The results were based on 
overall particle number counts, turbidity, and SSC removal efficiency as shown from Figure 
3.4.2 to 3.4.4.  These experiments were arranged in the following (saltwater followed by 
freshwater matrix): (i) lake water sediment, recycle ratio of ~10% and ~42% at 60 psi; (ii) 
sewage sludge, recycle ratio of ~40% and 42% at 60 psi; (iii) aquaculture sludge, recycle 
ratio of ~27% and 29% at 25 psi; (iv) aquaculture sludge, recycle ratio of ~22% and 24% at 
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60 psi; (v) storm water settleable and suspended solids, recycle ratio of ~23% and 26% at 60 
psi.  The “~” sign is used to show an average recycle ratio value determined from each 
experiment.  Within each experiment, the applied surface loading rates ranged from 81 to 
896 L/min-m2 (2 to 22 gpm/ft2).   
In terms of saltwater matrix, DAF achieved the highest particle removal efficiency 
(96%) operating at approximately 23% recycle with pressure of 60 psi using storm water 
sample.   However, only one of the data points in this sample achieved 96% efficiency while 
the remaining data points have a mean removal efficiencies of 89%.  For the aquaculture 
sludge at 22% recycle with 60 psi, consistent particle removal efficiencies were observed 
with average efficiencies of 93%.    In addition, results using sewage sludge at 40% recycle 
with 60 psi has similar removal efficiency (approximately 80%) as the aquaculture sludge 
performing at 27% recycle with 25 psi.  Although both matrices of entrained solids are quite 
distinct, the similarity in removal efficiency may suggest that recycle ratio of 40% with 60 
psi is beyond optimum.  However, it should be noted that for operating pressure at 25 psi, 
the DAF setup in this study can only operate efficiently up to 0.25 gpm gage (corrected flow 
rate of approximately 0.60 gpm) while 60 psi can achieve up to 0.45 gpm gage or more 
(corrected flow rate of approximately 0.95 gpm).  Therefore, the applied pressure of 25 psi 
are not practical in practice to generate extremely high flow rates of ballast water.  For the 
lake water sediment, less than 80% particle removal efficiencies were obtained for 10% 
recycle with 60 psi.  This suggests that 10% recycle is not sufficient for optimum removal. 
Among all the samples tested, saltwater matrix with aquaculture sludge performed the best 
(consistent).  This is a good indication for implementation of DAF as a ballast water control 
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option (aquaculture sludge).  Removals based on turbidity and SSC showed relatively 
consistent results compared with particle removals efficiencies.   
In terms of freshwater matrix using lake water sediment, 98% particle removal 
efficiency has been achieved with operating parameters at 42% recycle with 60 psi.  
However, with similar setups using sewage sludge, less than 80% efficiency has been 
recorded.  This may be due to high concentrations of the sewage sludge influent sample 
(1,400 NTU and 2,173 mg/L as SSC).  For both the samples with aquaculture sludge 
operating at 29% recycle with 25 psi and 24% recycle with 60 psi, respectively, similar 
results were observed in the region of 85% particle removal efficiency.  Although it is 
expected that operating pressure of 60 psi should performed much better than 25 psi, these 
results may imply that 29% or higher recycle rate are needed for better removal.   The 
results using storm water sample at 26% recycle with 60 psi also showed that the recycle 
amount applied is not sufficient for optimum performance with the particle removal 
efficiencies of approximately 71%.  The removals efficiencies based on turbidity and SSC 
for freshwater matrix were similar to particle removal efficiencies.   
In addition, additional experiments have been conducted to compare the mean 
recycle ratio of 25% and 43% (both operating at 60 psi) for saltwater matrix using 
aquaculture sludge.  The results are presented in Figure 3.4.5.  Particle removal efficiency 
achieved as high as 99% using the 43% recycle and 97% with the 25% recycle, respectively.  
The significant increase in recycle ratio did not improve the removal efficiency dramatically. 
These results suggest that 43% recycle may be excessive.  This result also suggests that 25% 
recycle with an operating pressure of 60 psi approaches an optimal operating range for DAF 
in a saltwater matrix.   
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Figure 3.4.5 Summary of particle, turbidity, and SSC removal efficiency as a function 
of recycle ratio (%) for experimental date of 3/8/02 and 11/6/00 using 
saltwater matrix with aquaculture sludge 
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Overall, under the same operating pressure of 60 psi with no aid of flocculant agent, 
saltwater matrix requires about 25% recycle compared to freshwater matrix that demands 
more than 40%.  In other words, DAF application using saltwater matrix can be operated at 
lower costs while achieving the same results.  This implies that DAF processes using 
saltwater has demonstrated its ability to fulfill some of the criteria of potential ballast water 
treatment: effective and requires less operating cost than using freshwater.  The recycle ratio 
applied in this study is higher compared to drinking water treatment.  In general, 10% 
recycle are used in the drinking water treatment where the influent solids concentrations are 
low and the water influent is flocculated prior to treatment in order to facilitate higher 
removal efficiency.  Therefore, the recycle ratio is higher for this research with no 
flocculation applied.  Nonetheless, the technical and economic trade-offs between recycle 
and flocculation requires future research.  Next, the difference of DAF performance in both 
matrices (saltwater and freshwater) may be related by the bubble-solid interactions.  This 
interaction is influenced by the surface tension of both matrices.  Typically, saltwater has 
higher surface tension than freshwater, so the potential for bubble-solid attachment is higher 
in saltwater and resulted in better removal efficiencies.  In addition, the hydrophobicity of 
the solids/flocs applied in this study ensures sufficient bubble-solids attachment.  Gochin 
and Solari (1983) showed that solids which were hydrophilic would not be floated by 
dissolved air flotation.  Based on the results from saltwater matrix especially for organic 
aquaculture sludge, the potential of DAF application for vessel-based and port-based are 
suitable.  The results based on saltwater matrix are favorable for such application as the 
majority of the world’s vessels are using saltwater as ballast.   
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3.4.4 Particle Size Distributions and Particle Removals 
The particle size distributions were accurately modeled using a cumulative two-
parameter power law function.  The results of the average β and coefficient of 
determination, r2 are illustrated in Table 3.4.14 for all the experiments.  Sample particle size 
distribution with corresponding β coefficient and r2 values is shown in Figure 3.4.6.  From 
Table 3.4.14, all the β coefficients have significant r2 with mean value of 0.957 (95.7%) or 
more.  These coefficient of determination values showed that the application of three β 
coefficients to describe the particle size distribution is appropriate.  For discrete mean size 
from 1.36 to 13.79 µm, the β coefficients are less than 2.  This indicates that majority 
particle surface area concentrations are associated with the coarser size particles within that 
size range.  The particle removals are also dominated by the coarser size particles.  Next, for 
discrete mean size from 16.27 to 51.86 µm, the β coefficient shifted from 2.36 (influent) to 
3.32 (effluent), a 41% increase in β.  This result suggests that the majority removals are the 
coarser size particles.  Finally, for discrete mean size from 62.20 to 230.14 µm, the average 
β coefficient is approximately 6.  It implies that most particle surface areas are associated 
with the finer size particles.  In addition, β of 6 (from influent to effluent) implied that  
Table 3.4.14 Average influent and effluent particle gradation parameters 
Influent Mean Mean Effluent Mean Mean Percent
β r2 β r2 Change
β
β3 1.69 0.971 β6 1.90 0.975 +12
β2 2.36 0.993 β5 3.32 0.989 +41
β1 6.04 0.957 β4 6.16 0.972 +2
Power Law Function
Arithmetic mean β values for all experiments
62.20 - 230.14 
Discrete Mean 
(µm)
1.36 - 13.79
16.27 - 51.86
Size Range
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Figure 3.4.6 Example of a typical sample particle size distribution modeled using a 
cumulative power law function 
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consistent particle removals for each discrete mean size were observed within that size 
range.  The usage of β coefficient enables one to correlate the organisms found in ballast 
water based on the particle surface area.  Furthermore, the preference of the treatment 
system in removing particles can be further understood.  Figure 3.4.7 to 3.4.42 presented the 
particle size distributions and the corresponding particle removal efficiency for each 
experiment. 
The other coefficient of the power law function, α, can be utilized in this study to 
predict the total particle count in the influent and effluent (not shown in this study).  By 
adding up the three α values in the particle size distribution, the total particle count can be 
obtained.  Another advantage found by modeling the distribution with three size ranges is 
that within each range, one can predict the particle removal in a smaller scale.  This can 
offer information as to which organisms of concern have been removed within the size range 
compared to a single α value to describe the entire particle size distribution.  An analysis of 
using particle count can be an easy, simple, and effective method to determine the removal 
efficiency in ballast water controls.  Kavanaugh et al (1980) utilized the power law model in 
terms of particle size distribution and number-volume mean size to evaluate the proper 
selection of solids-liquid separation processes in water treatment applications.  Hall and 
Croll (1997) have shown the potential of using particle counters as a tool to evaluate the 
Cryptosporidium breakthrough in filtered water from drinking water plant.  They 
demonstrated that this method was a more sensitive parameter compared to using turbidity 
as the indicating parameter.   
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Figure 3.4.7 Experimental run date of 3/26/02 using saltwater matrix with lake water 
sediment (3” Column).  Particle size distribution modeled using a 
cumulative power law function and the corresponding particle removal 
efficiency.  
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Figure 3.4.8 Experimental run date of 3/26/02 using saltwater matrix with lake water 
sediment (4” Column).  Particle size distribution modeled using a 
cumulative power law function and the corresponding particle removal 
efficiency. 
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Figure 3.4.9 Experimental run date of 3/26/02 using saltwater matrix with lake water 
sediment (6” Column).  Particle size distribution modeled using a 
cumulative power law function and the corresponding particle removal 
efficiency.  
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Figure 3.4.10 Experimental run date of 12/12/00 using saltwater matrix with sewage 
sludge (3” Column).  Particle size distribution modeled using a 
cumulative power law function and the corresponding particle removal 
efficiency. 
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Figure 3.4.11 Experimental run date of 12/12/00 using saltwater matrix with sewage 
sludge (4” Column).  Particle size distribution modeled using a 
cumulative power law function and the corresponding particle removal 
efficiency. 
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Figure 3.4.12 Experimental run date of 12/12/00 using saltwater matrix with sewage 
sludge (6” Column).  Particle size distribution modeled using a 
cumulative power law function and the corresponding particle removal 
efficiency. 
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Figure 3.4.13 Experimental run date of 8/15/00 using lake water matrix with organic 
aquaculture sludge (3” Column).  Particle size distribution modeled 
using a cumulative power law function and the corresponding particle 
removal efficiency. 
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Figure 3.4.14 Experimental run date of 8/15/00 using lake water matrix with organic 
aquaculture sludge (4” Column).  Particle size distribution modeled 
using a cumulative power law function and the corresponding particle 
removal efficiency. 
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Figure 3.4.15 Experimental run date of 8/15/00 using lake water matrix with organic 
aquaculture sludge (6” Column).  Particle size distribution modeled 
using a cumulative power law function and the corresponding particle 
removal efficiency. 
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Figure 3.4.16 Experimental run date of 12/4/00 using freshwater matrix with sewage 
sludge (3” Column).  Particle size distribution modeled using a 
cumulative power law function and the corresponding particle removal 
efficiency. 
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Figure 3.4.17 Experimental run date of 12/4/00 using freshwater matrix with sewage 
sludge (4” Column).  Particle size distribution modeled using a 
cumulative power law function and the corresponding particle removal 
efficiency. 
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Figure 3.4.18 Experimental run date of 12/4/00 using freshwater matrix with sewage 
sludge (6” Column).  Particle size distribution modeled using a 
cumulative power law function and the corresponding particle removal 
efficiency. 
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Figure 3.4.19 Experimental run date of 3/23/01 using saltwater with organic 
aquaculture sludge (3” Column).  Particle size distribution modeled 
using a cumulative power law function and the corresponding particle 
removal efficiency. 
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Figure 3.4.20 Experimental run date of 3/23/01 using saltwater with organic 
aquaculture sludge (4” Column).  Particle size distribution modeled 
using a cumulative power law function and the corresponding particle 
removal efficiency.  
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Figure 3.4.21 Experimental run date of 3/23/01 using saltwater with organic 
aquaculture sludge (6” Column).  Particle size distribution modeled 
using a cumulative power law function and the corresponding particle 
removal efficiency. 
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Figure 3.4.22 Experimental run date of 3/14/01 using saltwater with storm water 
settleable and suspended solids  (3” Column).  Particle size distribution 
modeled using a cumulative power law function and the corresponding 
particle removal efficiency. 
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Figure 3.4.23 Experimental run date of 3/14/01 using saltwater with storm water 
settleable and suspended solids (4” Column).  Particle size distribution 
modeled using a cumulative power law function and the corresponding 
particle removal efficiency. 
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Figure 3.4.24 Experimental run date of 3/14/01 using saltwater with storm water 
settleable and suspended solids (6” Column).  Particle size distribution 
modeled using a cumulative power law function and the corresponding 
particle removal efficiency. 
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Figure 3.4.25 Experimental run date of 3/13/01 using freshwater with organic 
aquaculture sludge (3” Column).  Particle size distribution modeled 
using a cumulative power law function and the corresponding particle 
removal efficiency. 
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Figure 3.4.26 Experimental run date of 3/13/01 using freshwater with organic 
aquaculture sludge (4” Column).  Particle size distribution modeled 
using a cumulative power law function and the corresponding particle 
removal efficiency. 
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Figure 3.4.27 Experimental run date of 3/13/01 using freshwater with organic 
aquaculture sludge (6” Column).  Particle size distribution modeled 
using a cumulative power law function and the corresponding particle 
removal efficiency. 
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Figure 3.4.28 Experimental run date of 3/7/01 using freshwater with storm water 
settleable and suspended solids (3” Column).  Particle size distribution 
modeled using a cumulative power law function and the corresponding 
particle removal efficiency.  
1 10 100 1000
R
em
ov
al
 (%
 o
f N
t)
0
20
40
60
80
100
Run: 3/7:1
1 10 100 1000
Lo
g 
ΣN
t /
 l r
 (c
ou
nt
/c
m
3 )
-2
-1
0
1
2
3
4
5
6
7
1 10 100 1000
R
em
ov
al
 (%
 o
f N
t)
0
20
40
60
80
100
1 10 100 1000
R
em
ov
al
 (%
 o
f N
t)
0
20
40
60
80
100
Run: 3/7:2
1 10 100 1000
Lo
g 
ΣN
t /
 l r
 (c
ou
nt
/c
m
3 )
-2
-1
0
1
2
3
4
5
6
7
Run: 3/7:3
Particle Diameter, li (µm)
1 10 100 1000
Lo
g 
ΣN
t /
 l r
 (c
ou
nt
/c
m
3 )
-2
-1
0
1
2
3
4
5
6
7
Influent
β1= 3.54   r2= 0.999 
β2= 3.96   r2= 0.999
β3= 1.90   r2= 0.994
Effluent
β4= 3.89  r2= 0.995
β5= 4.25  r2= 0.996
β6= 1.89  r2= 0.997
Influent
β1= 3.54   r2= 0.999 
β2= 3.96   r2= 0.999
β3= 1.90   r2= 0.994
Effluent
β4= 3.55  r2= 0.985
β5= 4.53  r2= 0.995
β6= 1.93  r2= 0.998
Influent
β1= 3.54   r2= 0.999 
β2= 3.96   r2= 0.999
β3= 1.90   r2= 0.994
Effluent
β4= 3.13  r2= 0.982
β5= 4.39  r2= 0.998
β6= 2.00  r2= 0.997
β3
β2
β1
β4
β5
β6
β3
β2
β1
β4
β5
β6
β3
β2
β1
β4
β5
β6
β
inv,
r
t αΣN −= l
l
β
inv,
r
t αΣN −= l
l
β
inv,
r
t αΣN −= l
l
%9.77x =
%6.86x =
%7.97x =
 139 
 
Figure 3.4.29 Experimental run date of 3/7/01 using freshwater with storm water 
settleable and suspended solids (4” Column).  Particle size distribution 
modeled using a cumulative power law function and the corresponding 
particle removal efficiency. 
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Figure 3.4.30 Experimental run date of 3/7/01 using freshwater with storm water 
settleable and suspended solids (6” Column).  Particle size distribution 
modeled using a cumulative power law function and the corresponding 
particle removal efficiency. 
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Figure 3.4.31 Experimental run date of 3/8/01 using saltwater matrix with organic 
aquaculture sludge (3” Column).  Particle size distribution modeled 
using a cumulative power law function and the corresponding particle 
removal efficiency. 
1 10 100 1000
R
em
ov
al
 (%
 o
f N
t)
0
20
40
60
80
100
Run: 3/8:1
1 10 100 1000
Lo
g 
ΣN
t /
 l r
 (c
ou
nt
/c
m
3 )
-3
-2
-1
0
1
2
3
4
5
6
7
1 10 100 1000
R
em
ov
al
 (%
 o
f N
t)
0
20
40
60
80
100
1 10 100 1000
R
em
ov
al
 (%
 o
f N
t)
0
20
40
60
80
100
Influent
β1= 6.40   r2= 0.956 
β2= 2.18   r2= 0.996
β3= 1.36   r2= 0.949
Effluent
β4= 6.09  r2= 0.975
β5= 2.91  r2= 0.997
β6= 1.46  r2= 0.971
Run: 3/8:2
1 10 100 1000
Lo
g 
ΣN
t /
 l r
 (c
ou
nt
/c
m
3 )
-3
-2
-1
0
1
2
3
4
5
6
7
Run: 3/8:3
Particle Diameter, li (µm)
1 10 100 1000
Lo
g 
ΣN
t /
 l r
 (c
ou
nt
/c
m
3 )
-3
-2
-1
0
1
2
3
4
5
6
7
β
inv,
r
t αΣN −= l
l
β3
Influent
β1= 6.40   r2= 0.956 
β2= 2.18   r2= 0.996
β3= 1.36   r2= 0.949
Effluent
β4= 6.57  r2= 0.986
β5= 3.00  r2= 0.994
β6= 1.49  r2= 0.976
Influent
β1= 6.40   r2= 0.956 
β2= 2.18   r2= 0.996
β3= 1.36   r2= 0.949
Effluent
β4= 6.41  r2= 0.977
β5= 2.88  r2= 0.996
β6= 1.49  r2= 0.975
β2
β1
β4
β5
β6
β
inv,
r
t αΣN −= l
l
β
inv,
r
t αΣN −= l
l
β3 β2
β1
β4
β5
β6
β3 β2
β1
β4
β5
β6
97.1%x =
97.3%x =
97.2%x =
 142 
 
Figure 3.4.32 Experimental run date of 3/8/01 using saltwater matrix with organic 
aquaculture sludge (4” Column).  Particle size distribution modeled 
using a cumulative power law function and the corresponding particle 
removal efficiency. 
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Figure 3.4.33 Experimental run date of 3/8/01 using saltwater matrix with organic 
aquaculture sludge (6” Column).  Particle size distribution modeled 
using a cumulative power law function and the corresponding particle 
removal efficiency. 
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Figure 3.4.34 Experimental run date of 11/6/00 using saltwater matrix with organic 
aquaculture sludge (3” Column).  Particle size distribution modeled 
using a cumulative power law function and the corresponding particle 
removal efficiency. 
1 10 100 1000
R
em
ov
al
 (%
 o
f N
t)
0
20
40
60
80
100
Run: 11/6:1
1 10 100 1000
Lo
g 
ΣN
t /
 l r
 (c
ou
nt
/c
m
3 )
-2
-1
0
1
2
3
4
5
6
7
8
1 10 100 1000
R
em
ov
al
 (%
 o
f N
t)
0
20
40
60
80
100
1 10 100 1000
R
em
ov
al
 (%
 o
f N
t)
0
20
40
60
80
100
Influent
β1= 7.52   r2= 0.892 
β2= 1.43   r2= 0.998
β3= 1.85   r2= 0.979
Effluent
β4= 5.32  r2= 0.996
β5= 2.74  r2= 0.999
β6= 2.19  r2= 0.998
Run: 11/6:2
1 10 100 1000
Lo
g 
ΣN
t /
 l r
 (c
ou
nt
/c
m
3 )
-2
-1
0
1
2
3
4
5
6
7
8
Run: 11/6:3
Particle Diameter, li (µm)
1 10 100 1000
Lo
g 
ΣN
t /
 l r
 (c
ou
nt
/c
m
3 )
-2
-1
0
1
2
3
4
5
6
7
8
Influent
β1= 7.52   r2= 0.892 
β2= 1.43   r2= 0.998
β3= 1.85   r2= 0.979
Effluent
β4= 7.07  r2= 0.975
β5= 2.45  r2= 0.999
β6= 2.12  r2= 0.997
Influent
β1= 7.52   r2= 0.892 
β2= 1.43   r2= 0.998
β3= 1.85   r2= 0.979
Effluent
β4= 6.45  r2= 0.945
β5= 2.15  r2= 0.998
β6= 2.19  r2= 0.997
β3
β2
β1
β4
β5
β6
β3
β2
β1
β4
β5
β6
β3
β2
β1
β4
β5
β6
β
inv,
r
t αΣN −= l
l
β
inv,
r
t αΣN −= l
l
β
inv,
r
t αΣN −= l
l
98.7%x =
98.5%x =
97.9%x =
 145 
 
Figure 3.4.35 Experimental run date of 11/6/00 using saltwater matrix with organic 
aquaculture sludge (4” Column).  Particle size distribution modeled 
using a cumulative power law function and the corresponding particle 
removal efficiency. 
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Figure 3.4.36 Experimental run date of 11/6/00 using saltwater matrix with organic 
aquaculture sludge (6” Column).  Particle size distribution modeled 
using a cumulative power law function and the corresponding particle 
removal efficiency. 
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Figure 3.4.37 Experimental run date of 6/25/01 using saltwater matrix with organic 
aquaculture sludge.  Particle size distribution modeled using a 
cumulative power law function and the corresponding particle removal 
efficiency.  Flow rate of 0.25-gpm @ 25-psi. 
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Figure 3.4.38 Experimental run date of 6/26/01 using saltwater matrix with organic 
aquaculture sludge.  Particle size distribution modeled using a 
cumulative power law function and the corresponding particle removal 
efficiency.  Flow rate of 0.25-gpm @ 25-psi. 
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Figure 3.4.39 Experimental run date of 6/27/01 using saltwater matrix with organic 
aquaculture sludge.  Particle size distribution modeled using a 
cumulative power law function and the corresponding particle removal 
efficiency.  Flow rate of 0.25-gpm @ 25-psi. 
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Figure 3.4.40 Experimental run date of 6/28/01 using freshwater matrix with organic 
aquaculture sludge.  Particle size distribution modeled using a 
cumulative power law function and the corresponding particle removal 
efficiency.  Flow rate of 0.25-gpm @ 25-psi. 
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Figure 3.4.41 Experimental run date of 7/3/01 using freshwater matrix with organic 
aquaculture sludge.  Particle size distribution modeled using a 
cumulative power law function and the corresponding particle removal 
efficiency.  Flow rate of 0.25-gpm @ 25-psi. 
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Figure 3.4.42 Experimental run date of 7/5/01 using freshwater matrix with organic 
aquaculture sludge.  Particle size distribution modeled using a 
cumulative power law function and the corresponding particle removal 
efficiency.  Flow rate of 0.25-gpm @ 25-psi. 
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3.5 CONCLUSIONS 
One proposed treatment of ballast water using dissolved air flotation is presented.  
Although not listed in the National Research Council (1996) as one of the potential 
controlling method, DAF has shown its effectiveness for particle removal (microorganisms).  
The use of various ballast water surrogates has shown encouraging results with respect to 
particle, turbidity, and SSC removal efficiencies.   
For this study, overflow rates up to 1,019 L/min-m2 (25 gpm/ft2) were tested.  For 
saltwater matrix using organic aquaculture sludge, particle removal efficiency as high as 
99% was achieved with a 43% recycle at 60 psi.  However, with the same operating 
pressure, 97% removal efficiency was recorded using significantly lower recycle ratio of 
25%.  This suggests that 25% recycle ratio at 60 psi operating pressure may be optimal for 
DAF in a saltwater matrix.  On the other hand, the optimal range for freshwater matrix using 
storm water sample was found to be using a 42% recycle ratio with operating pressure of 60 
psi.  In addition, these results suggest that recycle ratio may have a greater influence than air 
to solids ratio.  The air to solids ratio is greatly influenced by the concentration of suspended 
solids concentrations.  By judging the air to solids ratio alone, optimum parameter of the 
DAF system may be difficult to determine.  By comparison, DAF for a saltwater matrix 
performed much better than the freshwater matrix and required less of a recycle ratio.  This 
implies that DAF may cost less to operate in a saltwater matrix making it an attractive 
option as a potential ballast water control method.   
The characteristics of particle size distribution using a two-parameter cumulative 
power law function were accurately modeled.  The β coefficient can relate to the organisms 
surface area concentrations and size.  Such parameter can assist in determining the efficacy 
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of treatment system, in this case, dissolved air flotation.  In terms of modeling effectiveness, 
the overall coefficient of determination, r2 has an average value of 0.957 (95.7%) or higher 
for the three β coefficients used in each particle size distributions.  Thus, the choice of 
employing a series of β coefficients is an acceptable method.  For the discrete mean size 
range from 1.36 to 13.79 µm, a majority of particle surface area concentrations are 
associated with the medium to coarser size range.  For the middle section of the particle 
distribution (16.27 to 51.86 µm), surface area are dominated by the coarser size range in the 
influent.  In addition, the particle removal is mainly concentrated on the coarse size range 
and resulted in excess finer particle size in the effluent.  Finally, most particles are located 
within the finer size range for intervals of 62.20 to 230.14 µm.  Usage of the β coefficient 
can be beneficial to analysis of ballast water content.  Based on surface area concentrations 
characteristics, one can relate them to the surface area of organisms found in ballast water.  
In addition, the preference of the treatment method removal efficiencies can be evaluated 
based on β coefficient.  Subsequently, the second coefficient of the power law function, α, is 
another useful tool.  Total particle count can be predicted for the entire particle size 
distribution or within any of the three discrete mean size increments.  In addition, particle 
count can serve as a basis for accessing the overall effectiveness of treatment processes 
along with other parameters such as turbidities and suspended solids concentrations. 
3.5.1 Implications 
The applicability of DAF as a tool for separating ANS transported in ballast water 
has demonstrated its potential at the bench scale level.  Results from this research can be 
utilized in preliminary design either for vessel-based or port-based treatment.   However, a 
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pilot scale experiment with recycle flow is recommended so that more detailed operations 
can be examined.  Power law function methodology can be utilized to assess the particle 
distributions in ballast water.  DAF is designed as a separation process and as such 
additional treatment such as disinfection is required.  DAF system cannot exist as one 
independent unit operation and should be combined with other control methods.  While port-
based treatment systems can readily incorporate DAF, vessel-based systems have more 
constraints to consider.   
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3.7 NOMENCLATURE 
A   surface area 
A/S   air to solids ratio 
ai   corresponding diameter 
AT  total area concentration 
C  constant equal to π/6 when spherical geometry is assumed 
Ceff  effluent particle count concentrations 
Cinf  influent particle count concentrations 
Cs   saturation concentration or solubility 
CTP  Central Wastewater Plant  
d   bubble diameter 
DAF   dissolved air flotation 
DI deionized  
E  removal efficiency (%) 
Ei   total scattered energy contributed by the ith particle size 
f   fraction (an efficiency term) of gas dissolved at pressure P 
g   gravitational constant (9.81 m/sec2)  
KH   Henry’s constant (for air temperature at 20oC is 24.3 mg/L/atm) 
kij   energy contributed by particles of size i at ring j 
kPa  kilo-Pascals, 103 x Pascals 
l  particle size 
LISST  Laser in-situ Scattering and Transmissometry 
lnv  number volume mean size 
lnv,i   diameter corresponding to the ith particle size increment 
lr  reference particle diameter 
M mass concentrations 
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mm milimeter 
N number particle density 
n(ai) number density 
NAi   area contribution of each particle size  
Ni   total number of particles in each incremental particle size range 
NT  total particle number concentration 
Nt the total number of particulates across the entire gradation  
P  applied pressure (atm) 
psi pounds per square inches (gage) 
Q   influent flow rate 
R   pressurized recycle 
rpm revolutions per minute 
Sa   sludge solids concentration of total suspended solids 
SSC  suspended solids concentration 
V  volumetric concentration of all particles in suspension 
V(ai)  volume concentration distribution 
Vc   surface overflow rate  
Vi   volume concentration of particle in the ith size increment 
VSS  volatile suspended solids 
Vt   terminal settling velocity or particle settling velocity  
VT  total volume concentration 
α  coefficient of power law function 
β  exponent of power law function 
µ dynamic viscosity of water (1.00x10-3 N-sec/m2 at 20oC) 
ρ  water density (998 kg/m3 at 20oC) 
ρg   density of the gas bubble 
ρs particle specific density 
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CHAPTER 4  SUMMARY AND CONCLUSIONS 
This study reviewed a broad spectrum of possible treatment methods that are capable 
of controlling invasive species transported in shipping ballast water.  These controlling 
options include dissolved air flotation (DAF), filtration, cyclonic separation, ultra-violet 
radiation, thermal, chlorination, ozone, ultrasonic, deoxygenation, and magnetic field 
treatments.   In addition, a bench scale study on DAF is also conducted using ballast water 
surrogates in order to evaluate the efficacy of the system.  DAF was selected for this study 
as it has never been tested as a potential ballast water control. Furthermore, encouraging 
results of DAF in separating solids from liquid phase in the drinking water and wastewater 
industries make it an attractive option.  While the cost associated with ANS impacts are 
significant and non-reversible, the effectiveness and limitation of the currently practiced 
BWE as a default method has been discussed.  In the near future, proven effective potential 
methods are preferred over BWE as the current method is not fully capable of removing 
ANS effectively and its potential safety risks inflict to the ship.  Issues with sediments 
trapped and vessels stability are setbacks for BWE.  Each potential method was evaluated 
based on the effectiveness, applicability, safety, environmental acceptability, and cost to the 
shipping and port industry.  Before any sets of treatments are finalized, ballast water 
characterization should be set as a standard by the IMO.  However, this standard varies 
according to the regional basis as they are influenced primarily by the ship navigating 
patterns.  Therefore, selection of treatment methods should be based on this information.  
Moreover, different sets of rules and regulations implement by each country will most likely 
to cause inconsistency in treatment criteria.  Although implementation may take longer than 
anticipated to finalize, all countries and the shipping industries should compromise on a 
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sound and consensus solutions before any major action taken.  Next, the flow rates and 
volume of the majority vessels are of larger scale than typical magnitude from wastewater 
treatment plants.  In terms of control on vessel-based application, space is a limiting and 
valuable asset for the shipping industries.  Thus, designing a suitable control options can be 
a challenging engineering task.  No single treatment method is suitable for all ship sizes due 
to its effectiveness, cost, and space requirement of each treatment.  Therefore, lists of 
potential options should be made available and proven effective for the shipping industries 
to choose from.   
Results based from evaluation of all the potential controlling methods showed that 
screen filtration with automatic backwash and DAF have better performance as a separation 
technique.  Both methods are capable of removing a majority of the particles.  However, 
their effectiveness against organisms in the submicron size such as bacteria and viruses are 
not known.  Therefore, in order to successfully remove, inactive, or destruct all organisms of 
concerned in ballast water, a combination of physical and disinfection process will most 
likely be the best alternative. However, the economic trade-off of using combination 
processes instead of single process should be subjected to more research.  Disinfections 
methods are commonly practiced for inactivating viruses and other harmful pathogens.  
Among the disinfection methods reviewed, UV radiation has the highest efficiency provided 
the influent sample is low in suspended solids concentrations.  The presence of excessive 
suspended solids will likely to reduce the effectiveness of UV.  Therefore, combination of 
filtration or DAF with UV may give the best performance.  Cyclonic separation may not be 
feasible because of its limitation to remove the majority of organisms in ballast water.  Heat 
treatment does have great potential but it is only suitable for ships navigating through warms 
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waters and relatively long shipping routes.  Other options such as plasma pulse and 
ultrasonic are possible but more research are needed.  Ozone and chlorination methods are 
less attractive options due to limitation of ozone application and chemical hazards associated 
with using chlorine.  Discharged of excessive chlorine in the sea can cause environmental 
hazards while dechlorination can further increase the treatment costs.  In addition, both 
ozone and chlorine are highly corrosive chemicals.  As a result, the ship’s ballast piping 
system might be seriously affected even though the systems are designed to handle 
saltwater.  Deoxgenation (oxygen-deprivation) can be a potential cost saving method due to 
its ability to reduce corrosion in ballast tanks while inactivating aerobic organisms.  
However, it may not effectively remove anaerobic bacteria, cyst and spore stages, including 
dinoflagellate cysts, and all facultative organisms.   
The performance of the DAF system (bench scale) was evaluated based on particle 
counts and in terms of bulk particulates indices such as turbidity and SSC removal.  The 
particle gradations were modeled using a two-parameter power law function.  Different 
samples were being tested to evaluate the performance.  Ballast water surrogates including 
organic aquaculture sludge (saltwater and freshwater), lake water sediment, wastewater 
sludge, and storm water solids were tested.  All samples were synthesized, standardized, and 
utilized in saltwater matrix (> 20 ppt salinity) and freshwater matrix (< 1 ppt).  Surface 
loading rates up to 1,019 L/min-m2 (25 gpm/ft2) have been tested.  In addition to high 
surface loading rates applied, influent sample received no flocculant prior to DAF treatment.  
This would create significant challenge to capture solids as opposed to the commonly used 
of flocculant agent for concentrating solids or organisms from water and wastewater plants.   
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Encouraging results have been achieved for DAF.  Particle removal for the size 
range of 1 to 250 µm was as high as 97% for the saltwater matrix using aquaculture sludge 
while 98% for the freshwater matrix using lake water sediments, based on different 
operating parameters and samples tested.  The corresponding optimum parameter for the 
saltwater matrix was 25% recycle ratio at pressure of 60 psi while the freshwater matrix was 
42% recycle ratio at 60 psi.  Using the same parameters as in saltwater matrix, only average 
of 85% efficiency was obtained using freshwater aquaculture sludge.  In terms of mass 
removal, SSC, 98% has been obtained for saltwater matrix using aquaculture sludge, and 
98% for freshwater matrix using lake water sludge.  Turbidity removal reached 99% for 
saltwater and 92% for freshwater matrix.  These three indices indicate consistent removal 
efficiency, suggesting a good correlation of removal in terms of particle counts, turbidity, 
and SSC.  The other parameter, air to solids ratio, was rather considered as an important 
factor.  However, this study does not show a consistent trend with respect to A/S ratio.  
Constant operating pressure applied while the SSC remains variable resulted in wide 
variation of A/S.  By judging the A/S alone, optimum parameter may not be effectively 
determined.  The more influencing parameter is the recycle ratio that actually accounted for 
the pressurized bubble being supplied to the flotation column to ensure sufficient bubble-
solids interactions.  However, the applicable range of A/S should be investigated.  To 
conclude, DAF performed much better in saltwater matrix than freshwater matrix using 
significantly less recycle ratio.  Thus, the cost for operating DAF using saltwater matrix may 
cost less.  This ability of DAF in fulfilling most of the criteria for potential ballast water 
control option has been demonstrated and proven effective. 
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Modeling of the particle size gradations using a two-parameter power law function 
has been successfully modeled based on the method of least-square analysis.  This model 
was shown to provide a good fit (significant coefficient of determination, r2) for both 
influent and effluent particle gradations with the mean r2 values of  0.957 (95.7%) or more.  
Each particle size distribution was modeled using three β values with discrete mean size 
ranging from 1.36 µm to 13.79 µm, 16.27 µm to 51.86 µm, and 61.20 µm to 230.14 µm.  
For the first interval, β values for influent and effluent were less than 2, suggesting that the 
majority surface area were dominated by the coarser size particles while the particle 
removals also concentrated in the coarser size range.  Next, the middle interval showed the 
highest increase in β values, from 2 to 3 (influent to effluent), indicating that remaining 
particle surface area were concentrated on the finer size range and majority removals were 
the coarser size particles.  For the third interval, not significant changes was observed for the 
β values (in the region of 6) suggesting that the majority particle surface area were 
associated with finer size particles and removals are pretty consistent throughout across each 
size within that range.  With the β values, one can investigate the treatment method removal 
behavior across the particle size distribution.  In addition, the surface area concentration 
characteristics (β) can be related to the surface area of organisms of interests found in ballast 
water in order to evaluate the efficacy of the treatment method.  Subsequently, the α 
coefficient of the power-law function is another beneficial parameter.  Total particle count 
can be estimated across each size increment and eventually, the total distribution from 1 to 
250 µm.  Furthermore, total particle count can served as a standard for evaluating the 
performance of treatment method along with indices based on turbidities and SSC. 
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APPENDIX A   TOTAL TURBIDITY MEASUREMENTS 
Scope and Application 
This method is based on a comparison of the intensity of light scattered by the sample under 
standard defined conditions with the intensity of light scattered by a standard reference 
suspension of known turbidity. The greater the intensity of the scattered light the greater the 
turbidity. This method is adapted from APHA Standard Method 2130-B. 
Materials 
• Hach 2100 AN Turbidimeter    
• Sonicator 
• Hach Silica gel 
• Polishing Cloth 
• DI squirt bottle 
Procedure 
1. Shake sample thoroughly and place in sonicator for at least 5 minutes prior to turbidity 
analyses. 
2. While waiting for samples to be fully sonicated, turn on turbidimeter and allow light 
source / bulb to warm up for at least 30 minutes. 
3. Select AUTOMATIC RANGING by pressing RANGE key. 
4. Select SIGNAL AVERAGING setting “ON” by pressing the SIGNAL AVG, and set 
to 5 seconds. (The 2100 AN is shipped from the factory with a default signal average 
setting of 10 seconds. To change this to 5 see section 2.3.6.1 “Changing SIGNAL 
AVERAGE Buffer Setting” in the operators manual) 
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5. Select RATIO setting on by pressing the RATIO key. (Samples with NTU values 
greater than 40, require the RATIO on. 
6. Rinse out a clean sample cell with DI water. 
7. Remove sample from sonicator and shake thoroughly. 
8. Quickly (so as not to allow solids to settle out in sample bottle) fill sample cell to the 
line. 
9. Tap side of sample cell to remove all air bubbles. 
10. Holding the sample cell by the cap, apply three small drops of silicone gel to sample 
cell (just enough to coat cell with a thin layer of gel) and polish thoroughly using the 
polishing cloth provided, to remove any dirt or fingerprints. 
11. The cell should appear clean, dry and without fingerprints. 
12. Invert the sample cell for approximately 5 seconds and place sample in the instrument, 
with the arrow pointing forward and close the cell cover. 
13. For immediate display press enter. 
14. For samples with high solids concentrations (i.e. “dirty” samples), suspended solids 
will start to settle out immediately and the NTU display will decrease accordingly. 
Therefore record the initial reading that appears on the display. 
15. This is reading #1 for replicate A. 
16. Remove the sample from the cell and repeat steps 12 to 14 for reading #2, for replicate 
A. 
17. Remove the sample cell from the instrument and empty the contents of the cell back 
into the sample bottle from which it came. 
18. Repeat steps 6-16 for replicate B. 
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19. If the readings for replicates A and B are greatly different perform a third replicate. It 
is advisable to perform three replicates (triplicate) for particularly dirty samples. 
20. When all samples have been analyzed perform check samples by performing a fourth 
replicate check on at least 10% of the samples. 
21. Perform secondary calibrations using the pre-prepared calibration standards included 
with the instrument. Ensure that the calibration standards, used span the expected 
range of NTU values. If a measured reading falls outside of the range of standards 
used, perform another calibration check with the appropriate standard to coincide with 
this value. 
22. No Calculations are needed as the values are taken directly from the machine.  
Quality Control 
1. Run all samples in triplicate 
2. Analyze turbidity check standards 
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APPENDIX B   PROCEDURE FOR SUSPENDED SOLIDS CONCENTRATIONS 
(SSC) IN SALTWATER  
 
Scope and Application 
 This procedure is used to determine the amount of suspended solids in saltwater 
samples.  The method is based on Standard Methods 2540 D 
Materials 
• Glass Fiber filters; Whatman GF/C – 42.5 mm – 47 mm disc size 
• Calibrated analytical balance 
• Drying Oven @ 103° - 105°C 
• Smooth bladed forceps 
• 0.5M Ammonium Formate solution (Formic Acid Ammonium Salt) 
• Filtration Setup: Side arm flask (1000-mL), vacuum pump, funnel 
• Aluminum Pans 
• Desiccators 
• Graduated cylinders 
• Fresh Desiccant 
Procedure 
1. Preheat drying oven to 105°C (221°F) and furnace to 550ºC. 
2. Number the pans by indenting on the bottom side of the pan.  The purpose is to prevent 
the marks from burning off in the 550oC oven. 
3. Remove a glass fiber filter (Whatman GF/C) from its box using smooth forceps and 
place wrinkled side up in the filtration setup. 
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4. Apply vacuum and wash filter with three, 20-mL portions of DI water, and utilize 
vacuum to remove all excess water. 
5. Using smooth forceps remove the filter from the filtering apparatus and place in a pre-
numbered clean foil tare pan.  Once the filter has been placed n the tare pan, always 
handle with forceps for the remaining procedures. 
6. Place tare pans with cleaned filters on a foil tray and dry in the 550ºC furnace for no 
less than 20 minutes.  Remove the tray from the furnace, place pans & filters in 
desiccators and let cool to room temperature at constant humidity for one hour. 
7. Immediately before using, remove filter and tare pans one at a time and weigh on the 
calibrated analytical balance, record the weight as initial weight of filter. 
8. Once all filters have been weighed and recorded, place the glass fiber filter back on the 
filtering apparatus using the smooth forceps, noting its tare number. 
9. Start suction and wash filter with ammonium formate using a squeeze bottle insure that 
it remains in place and then place filter funnel on top and clamp down. 
10. Observing the turbidity of the sample, estimate the amount of sample volume to 
filtered and measure the well-mixed sample with a graduated cylinder. 
11. Pour sample onto filter, rinse the funnel wall with ammonium formate solution to 
insure that all solids are washed onto filter and rinse graduated cylinder with 10-mL 
portions of ammonium formate solution and pour onto filter repeat two more times.  
Record the volume of sample filtered. 
12. Remove filter funnel top and wash the periphery of the filter paper with the ammonium 
formate solution using a squeeze bottle.  Then remove the filter from the setup making 
sure that the forceps touch only the clean outer edge of the filter. 
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13. Place the glass fiber filter back into the same pan from which it was removed. 
14. After all samples have been filtered, place in 105ºC oven and dry at least two hours; 
preferably overnight and removing the next morning. 
15. Remove filter and pans from oven, place in a desiccator and let cool to room 
temperature at constant humidity for one hour. 
16. Weigh the filters with the collected solids and record the final weight. 
Calculation 
Total Suspended Solids (TSS) 
V
IWFWLmgTSS −=)/(  
FW = final weight of filter + dry sample in mg 
IW = initial weight of filter in mg 
V = volume of sample filtered in liter 
Quality Control 
1. Run 3 blanks per set of samples 
2. Run all samples in triplicate 
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APPENDIX C   PROCEDURE FOR SUSPENDED SOLIDS CONCENTRATIONS 
(SSC) IN FRESHWATER  
Scope and Application 
This procedure is used to determine the amount of solids in wastewater samples.  This 
procedure is for samples containing mainly freshwater algae.  The method is based on 
Standard Methods 2540 D.  
Materials 
• Glass Fiber Filters; Whatman GF/C – 4.25 cm disc size 
• Calibrated analytical balance 
• Drying oven @ 65ºC 
• Smooth bladed forceps 
• Fresh Desiccant 
• Filtration Setup: Side arm flask (1000-mL), vacuum pump, funnel 
• Aluminum pans 
• Desiccator 
• Graduated cylinders 
Procedure 
1. Preheat drying oven to 65ºC and furnace to 550ºC. 
2. Number the pans by indenting on the bottom side of the pan.  The purpose is to prevent 
the marks from burning off in the 550oC oven. 
3. Remove a filter (glass fiber: Whatman GF/C 4.25cm disc size) from its box using 
smooth forceps and place wrinkled side up in the filtration setup. 
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4. Apply vacuum and wash filter with three, 20-mL portions of DI water, and utilize 
vacuum to remove all excess water. 
5. Using smooth forceps remove the filter from the filtering apparatus and place in a pre-
numbered clean foil tare pan.  Once the filter has been placed on the tare pan, always 
handle with forceps for the remaining procedures. 
6. Place tare pans with cleaned filters on a foil tray and dry in the 550ºC furnace for no 
less than 20 minutes.  Remove the tray from the furnace, place pans & filters in a 
desiccator and let cool to room temperature at constant humidity for one hour. 
7. Immediately before using, remove filter and tare pans one at a time and weigh on the 
calibrated analytical balance, record the weight as initial weight of filter. 
8. Once all the filters have been weighed and recorded, place the glass fiber filter back on 
the filtering apparatus using the smooth forceps, noting its tare number. 
9. Start suction and dampen the filter using DI water to insure that it remains in place and 
then place filter funnel on top and clamp down. 
10. Observing the turbidity of the sample, estimate the amount of sample volume to be 
filtered and measure the well-mixed sample with a graduated cylinder.  
11. Pour sample onto filter, rinse graduated cylinder with three 10-mL portions of DI 
water and pour onto filter, also rinse the funnel wall with DI water to insure that all 
solids are washed onto filter.  Record the volume of sample filtered. 
12. Remove filter funnel then remove the filter from the setup making sure that the forceps 
touch only the clean outer edge of the filter. 
13. Place the glass fiber filter back into the same pan from which it was removed. 
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14. After all samples have been filtered, place in the 105ºC oven and dry at least one hour; 
but no more than three hours. 
15. Remove filter and pans from the oven, place in a desiccator and let cool to room 
temperature at constant humidity for one hour. 
16. Weigh the filters with the collected solids and record the final weight. 
Calculation 
Total Suspended Solids (TSS) 
V
IWFWLmgTSS −=)/(  
FW = final weight of filter + dry sample in mg 
IW = initial weight of filter in mg 
V = volume of sample filtered in liter 
Quality Control 
1. Run 3 blanks per set of samples 
2. Run all samples in triplicate 
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APPENDIX D   PROCEDURE FOR DISSOLVED AIR FLOTATION 
This is a setup for running bench scale DAF application. 
D1.  Ballast water/sediment preparation 
• Saltwater run 
Obtain 40-L of clean salt-water.  Salinity ranged 25 to 35 parts per thousand (ppt) in 
the salt water systems.  Add biological solids or sediments to the clean saltwater in 
sufficient volume to ensure sufficient ballast water volume for an entire group of 
batch experiments.  Check the turbidity of the mixture and dilute or concentrate to 
desired turbidity for a group of batch experiments (Refer to the procedure for total 
turbidity measurement).  Obtain a 500-ml representative sample of the solution 
mixture and label sample bottle “influent”. 
• Fresh Water Run 
Follow same procedure as salt water using City Park Lake fresh water in place of the 
clean salt water (Fresh water salinity range: 1 to 5-ppt). 
• Sources of Sludge, Sediments 
Biological solids and sediment are obtained from the experimental salt-water fish 
systems.  The salt water is taken from the experimental salt-water fish systems. 
• Sources of Fresh Water 
Samples of fresh lake water are obtained from the City Park Lake. 
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D2.  Preparing for Column Run 
(Refer to Figure 3.3.1 illustrating the DAF bench scale configuration.) Clean the 
column and pressure vessel with clean water with tap water.  Thread the male branch of the 
tee into the bottom of the desired column.  The first column that will be used will be the 3-
inch (76.2-mm) diameter column.  Fasten the base of the column to the frame (at the 
bottom) with at a minimum of two bolts at any of the four corners to the column assembler.  
All the ports that are attached to the column must be fastened tightly using the clamps.  
Attach the effluent tube (diameter ID = ¼-inch) connecting the horizontal exit of the brass-
tee and the flow meter.  Make sure the drainage exit of the brass-tee at opposite end is 
connected and closed.  Make sure that the attached needle valve connected between the flow 
meter and the brass-tee is closed (clockwise to close).  Attach red tube (diameter ID = ¼-
inch) from flow meter into the outlet of the pressure vessel.  Attach the black tube from the 
pump into the inlet side of the pressure vessel.  Ensure that the compressor is connected, 
plugged into the appropriate grounded receptacle. 
D3.  Pressure Vessel 
• Salt Water Run 
Add 9-L of clean salt water to the vessel (approximately 90% of the vessel capacity).  
Take a 500-ml sample of the clean salt water, place it in a clean polypropylene bottle 
and label the bottle.  For example, 8/15:1-Vessel.   This indicates August 15th:Run1 – 
Pressure Vessel.  Close the top of the pressure vessel, and tighten the air release 
valve.  Make sure to set the attached pressure gage to zero. 
• Fresh Water Run 
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Add 9-L of clean fresh water to the vessel (approximately 90% of the vessel 
capacity).  Take a 500-ml sample of the tap water.  Label sample with date: run-
Vessel.  For example, 8/15:1-Vessel. This indicates August 15th: Run1 – Pressure 
Vessel.   Close the top of the pressure vessel and tighten the air release valve.  Make 
sure to set the attached pressure gage to zero. 
D4.  Measure Temperature and Salinity 
Measure the temperature and salinity of the water in the vessel, and the mixture in 
the bucket.  Record the data.  The equipment used for taking the temperature and salinity is 
an YSI-85 Combination Probe.  Probe is calibrated using standard solutions of known 
salinity.   
D5.  Filling Batch DAF Column 
The mixture from Step 1 must be well mixed and placed in the column well mixed.  
Take a well-mixed 500-ml sample of the mixture immediately before placement of the 
mixture in the column.  Label sample with date: run-Column.  For example, 8/15:1-Column.  
This indicates August 15:Run 1-Column.  Use a graduated cylinder to fill the column to the 
appropriate line (550-mm for 3-inch diameter column, 320-mm for 4-inch diameter column, 
155-mm for 6-inch diameter column).  These values are used to ensure that the volume of 
the column water is the same in each run. 
D6.  Pressure Vessel Pressure Gage 
Turn pressure gage on and make sure that the reading is set to zero.  If the pressure 
gage does not read zero, adjust using the small screwdriver provided in the gage case. 
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D7.  Initiation of Experimental Run 
Turn the compressor on and wait until the pressure gage reaches the test pressure (for 
example 60-psi).  While waiting make sure that a stopwatch is ready to measure the time.  
Once the pressure has reached the test pressure, shake the vessel thoroughly for 
approximately 30 seconds.  This would assist in dissolving air in the liquid.  After that, 
release the needle valve on the flow meter by turning it counterclockwise, immediately start 
the timer and adjust the flow rate using the screw valve.  The initial test run for each column 
will use a flow rate of 0.25-gpm, the second 0.35-gpm and the third 0.45-gpm.  Our purpose 
is to determine the optimum flow rate.  Fill the batch DAF column (of chosen diameter) 
until the sample is approximately 1-inch (25.4-mm) from top of the column.  Close the 
needle valve by turning it clockwise and record the time.  The time recorded will be used in 
every run that uses this selected flow rate with different column diameters.  This will ensure 
that the same volume is added in each run.  Use meter stick or scale to measure the final 
height in the tube and record these data.  Turn off the compressor and let the dissolved air 
rise through the batch DAF column.  Do not shake the table or hit the column while waiting!  
Wait until all air bubbles in column have floated to the top and no matter has begun to settle.  
This usually takes about 5-10 minutes.  The particles will eventually settles as the 
pressurized air bubbles that are attached to the particles will be released to the atmosphere 
with time.  By allowing the particles to settle, the particle removal efficiency would be 
affected.  Then, open the effluent hose clamp of the bottom port and drain into a 500-ml 
sample bottle.  Fill the entire bottle with sample.  Label the bottle with the date, run, and 
port number.  For example, 8/15:1-1.  This indicates August 15th: Run 1- Port-1.  Only 
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samples from port 1 will be taken for analyses as it represents the highest removal 
efficiency. 
D8.  Draining and Cleaning the Column 
Open the pressure release valve on the pressure vessel.  Drain the column by opening 
the valve that is attached to the horizontal exit of the brass-tee.  Allow the sample from the 
column to drain into a bucket.  Use tap water to clean residue from the sides of the column.  
Make sure that there are no residuals stuck in the exit valve, and close the valve.  Clean out 
column using a soft-bristle brush and tap water.  This process is repeated using the different 
flow rates and different column diameter.   
D9.  Repeat Procedure D1 through D7 
In all, 9 runs are carried out using three different flow rates with three different 
column diameters. 
 178 
APPENDIX E   PROCEDURE FOR RUNNING PARTICLE ANALYSES 
Scope and Application 
This procedure is used to determine the amount of particle inside a 200-mL sample 
aqueous solution using laser diffraction technology. 
Materials 
• Particle Counter 
• DI Water 
• 250-mL beaker 
• 100-mL graduated cylinder 
• Stir Rod 
• Stirrer 
E1.  Setting Up Particle Counter 
Open the cover of the particle counter.  Attach drainage hose to the drain outlet of 
the particle counter.  Press menu button and then select the mixer control option.  After that, 
select the option that turns on the mixer. 
E2.  Acquiring Background 
Choose the background (diluting agent: e.g. DI water) to use when running the 
particle counts.  Fill the sample container to the top line and close the lid.  Select acquire 
background from the menu.  Push “enter” button twice and wait for the analyzer to read the 
background.  When the background has been read, an error message will appear.  This 
means that the background has been changed from its previous value. 
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E3.  Acquiring Samples 
The sample being used may need to be diluted, depending on its concentration.  The 
dilution rate is done on a trial and error basis.  Dilutions should be done based on a total 
mixture of 200-mL.  The sample number and the corresponding dilution ratio should be 
recorded together for easier reference.  Therefore dilution rates will be as follows: 
 
Dilution Sample (mL) Dilute (mL) 
1:1 200 0 
2:1 100 100 
4:1 50 150 
5:1 40 160 
10:1 20 180 
20:1 10 190 
40:1 5 195 
50:1 4 196 
 
Measure the amount of sample and dilution needed using the 100-mL graduated 
cylinder.  Place them into the 250-mL beaker with the stir rod.  Then, place the beaker on 
the stirrer and allow it to mix evenly for about 30 seconds.   Then, pour the 200-mL sample 
onto any four corners side of the sample container of the particle counter.  Do not pour the 
sample directly onto the particle mixer, as this will cause entrapment of air bubbles within 
the sample.  If air bubbles are allowed to present in the sample, the particle counter will then 
read these air bubbles as part of the particles and affected the particle counter’s accuracy. 
Close the lid. To acquire the sample, choose “acquire sample” option from the menu and 
then push enter twice.  Record the sample number, push “enter” again to obtain the sample.  
If the particle counter returns a “too concentrated” command, then the sample must be 
diluted further.  If it reads “too dilute,” then the dilution must be lowered (using a new 
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aliquot of lower dilution).  Once the correct dilution has been achieved, run duplicates of the 
sample using the same dilution ratio as before.  Again, the sample number and the dilution 
rate are recorded. 
E4.  Draining the Analyzer 
After each sample test run, drain the analyzer by turning the drain knob in the 
horizontal direction.  When the sample is totally drained, fill the sample container with DI 
water and allow it to drain completely.  Do this between each sample to ensure that the 
container is clean of residual from previous run.  Steps 3 and 4 are repeated for acquiring 
new samples.  By following the procedures for DAF and particle counts, all the data are 
recorded into a sample data form attached. 
E5.  Downloading the Data 
To obtain the data from the particle counter, download it to a computer with Particle 
Analyzer Software installed.  Attach the computer to the Particle Analyzer by the designated 
cable.  Open the software and choose the download icon from the toolbar.  Choose a file 
name for the data; typically a date is being used for easier references.  When data transfer is 
done, select “open raw data file” from the file menu, and open the select the file that has 
been downloaded.  This function will format the data into an ASCII file.  The file is then 
renamed with an extension of date.asc.  With this format, it can then be opened using the 
Microsoft Excel software for further calculations.  This will put the data into a *.asc file.  
You can then open this file in Excel and format the data.   
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